Mississippi State University

Scholars Junction
Theses and Dissertations

Theses and Dissertations

12-14-2018

Understanding how Pin1-substrate interactions modulate affinity
and inter-domain dynamics
Hewa Pathiranalage Dinusha Sanjeewani Jinasena

Follow this and additional works at: https://scholarsjunction.msstate.edu/td

Recommended Citation
Jinasena, Hewa Pathiranalage Dinusha Sanjeewani, "Understanding how Pin1-substrate interactions
modulate affinity and inter-domain dynamics" (2018). Theses and Dissertations. 4824.
https://scholarsjunction.msstate.edu/td/4824

This Dissertation - Open Access is brought to you for free and open access by the Theses and Dissertations at
Scholars Junction. It has been accepted for inclusion in Theses and Dissertations by an authorized administrator of
Scholars Junction. For more information, please contact scholcomm@msstate.libanswers.com.

Template C with Schemes v3.0 (beta): Created by J. Nail 06/2015

Understanding how Pin1-substrate interactions modulate affinity and inter-domain
dynamics

By
TITLE PAGE
Hewa Pathiranalage Dinusha S. Jinasena

A Dissertation
Submitted to the Faculty of
Mississippi State University
in Partial Fulfillment of the Requirements
for the Degree of Doctor of Philosophy
in Chemistry
in the Department of Chemistry
Mississippi State, Mississippi
December 2018

Copyright by
COPYRIGHT PAGE
Hewa Pathiranalage Dinusha S. Jinasena
2018

Understanding how Pin1-substrate interactions modulate affinity and inter-domain
dynamics
By
APPROVAL PAGE
Hewa Pathiranalage Dinusha S. Jinasena
Approved:
____________________________________
Nicholas C. Fitzkee
(Major Professor)
____________________________________
Steven R. Gwaltney
(Committee Member)
____________________________________
Todd E. Mlsna
(Committee Member)
____________________________________
Debra A. Mlsna
(Committee Member)
____________________________________
Joseph P. Emerson
(Committee Member/Graduate Coordinator)
____________________________________
Rick Travis
Dean
College of Arts & Sciences

Name: Hewa Pathiranalage Dinusha S. Jinasena
ABSTRACT
Date of Degree: December 14, 2018
Institution: Mississippi State University
Major Field: Chemistry
Major Professors: Nichols C. Fitzkee
Title of Study: Understanding how Pin1-substrate interactions modulate affinity and
inter-domain dynamics
Pages in Study 126
Candidate for Degree of Doctor of Philosophy
Pin1 is an essential peptidyl-prolyl isomerase (PPIase) that catalyzes cis-trans
prolyl isomerization in proteins containing phosphorylated serine/threonine-proline
motifs (pSer/Thr-Pro). It has an N-terminal binding domain (WW) and a C-terminal
PPIase domain. Pin1 targets pSer/Thr-Pro motifs by its WW domain and catalyzes
isomerization through its PPIase domain.
This dissertation is focused on elucidating the interactions between Pin1/substrate,
the inter-domain dynamics upon binding, and the catalytic activity of Pin1 upon binding
different substrates. Specifically, we investigated the Pin1-Histone H1 interaction and
designed

a

series

of

chimeric

peptides

based

on

the

H1.4

sequence

(KATGAApTPKKSAKW). NMR titrations were performed for each peptide using both
full-length Pin1 as well as the WW domain alone, to analyze the binding affinities. Here
we combined 15N relaxation and residual dipolar couplings (RDCs) to monitor the degree
to which peptide binding induced inter-domain interactions. We also investigated
whether our chimeric sequences could alter catalysis (kex) using 1H-1H EXSY NMR

experiments. Finally, when combined with molecular modeling, our results suggest a
structural basis for how substrate binding can alter Pin1 inter-domain dynamics.
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CHAPTER I
INTRODUCTION
1.1

Brief introduction to Pin1 structure, inter-domain cross talk, and allostery
Pin1 is a 163 amino acid polypeptide with an N-terminal binding domain (WW)

containing 39 residues and a C-terminal rotamase (peptidyl-prolyl cis-trans isomerase or
PPIase) domain containing residues 50-163.1-2 A flexible linker containing residues 40-49
connects the two domains (Fig. 1.1).
Both domains have binding sites that specifically recognize pSer/Thr-Pro motifs,
and the WW domain binding site involves Loop I residues 16-21. For the PPIase domain,
substrate binding involves a catalytic loop (residues 64-80) and a binding pocket within
the PPIase hydrophobic core. However, the binding sites of the two domains are far apart,
separated by an inter-domain interface. The WW domain derives its name from the
presence of two invariant tryptophans, one near each terminus. Other distinct
characteristics of the WW domain are the presence of a proline near the C terminus, a
group of aromatic residues centrally located in the primary sequence, and as a whole, the
WW domain structurally forms a triple-stranded antiparallel β sheet. A deep hydrophobic
concave surface forms one wall of the hydrophobic cavity, generated by a twisting of
approximately 900 of the lower part of the β sheet relative to upper part and a downward
bend in the upper half of the WW domain.2 The first X-ray crystal structure of Pin1
shows a PEG (polyethylene glycol) molecule that forms a continuous path through the
1

inter-domain cavity, with the Tyr23/Trp34 aromatic pair clamping down upon the PEG
molecule while Ser16 and Ser32 extended this clamp in either direction.
The opposing wall of the inter-domain cavity is formed by the C-terminal PPIase
domain residues 45-163. Alpha helix α1, a part of the PPIase domain, contributes 9
residues to this wall and produces a 23 Å deep internal surface opposite the WW
domain’s hydrophobic pocket. The central part of the PPIase domain consists of a fourstranded anti-parallel β-sheet and four α-helices surrounding the flattened half β-barrel. A
conserved set of catalytic residues (Leu122, Met130, Phe134) define the binding pocket
for the proline to be projected outward from the barrel structure. This binding pocket is
the location where the peptide bond undergoes cis/trans isomerization, and a triad of
basic side chains consisting of Lys63, Arg68, and Arg69 form a positively charged
phosphate-binding loop to electrostatically bind the pSer/Thr-Pro motifs.
Previous studies of the two Pin1 domains in solution have shown there is a weak
interaction at their interface, and this weak interaction is removed after dissecting Pin1
into the separate catalytic and WW domains. This indicates that the flexible linker
promotes the domain interactions by connecting both domains.3
A recent NMR study discovered an I28A mutation of Pin1 as evidence for interdomain interactions between the two domains. The I28A mutant weakens the interdomain interactions, leading to altered substrate binding affinity, isomerase activity, and
conformational flexibility of the PPIase catalytic loop (residues 65-80). Furthermore, this
study suggested that the reduced inter-domain contact can allosterically enhance
isomerase activity. This suggests that inter-domain interactions are important for
functional dynamic allostery.4 It is now understood that significant cross-talk between the
2

two domains takes place via loop 2 of the WW domain (residue 27-30) as well as
residues 138 and 142-147 in the PPIase domain.3-7 Previous solution NMR data have
demonstrated that the inter-domain interactions of apo-Pin1 can either intensify8 or
weaken6-7,9 upon the binding of phospho-peptide substrates to the WW domain.
It has been shown that due to this cross-talk, the structural and dynamic properties
of the PPIase domain are sensitive to the presence of the WW domain or ligand bound to
the WW domain.3 Interaction of cis and trans inhibitors between the PPIase and WW
domains have been shown to improve the response and alter the ligand binding in the
distal PPIase active site.8 MD simulation studies have shown two joint pathways
propagating the signal of substrate-WW binding to rigidify the three PPIase catalytic-site
loops.5 Substrate chemical structure is important for the selection of the mode of dynamic
allostery via inter-domain communication.7,10
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Figure 1.1

Crystal structure of Pin1 (2ITK)

The WW domain (brown) with two Trp residues shown as stick structures. The PPIase
domain (light blue) with His59, His64, Lys63, Arg68, and Arg69 of the catalytic loop is
shown as stick structures.
NMR studies of Pin1/tau interactions discovered that the catalytic activity of the
PPIase domain is dependent on the phosphorylated substrate bound by the WW
domain.11-12 Another recent NMR study provided a new insight into the inter-domain
allosteric communication of Pin1, showing that the Ser138Ala mutation in the PPIase
4

domain rearranged residue-residue contacts near the mutation site, changing the
dynamics of the distal catalytic β1-α2 and α2-α3 loops without altering their structures.13
The rigidification of the α2-α3 loop stabilizes the hydrogen bond between Cys113 and
His59 in the hydrogen bonding network, and this stabilization reduces the isomerization
rate by approximately 20%. Therefore, the Ser138Ala mutation mimics the inter-domain
interactions by replacing the connection between the catalytic site and inter-domain
interface. These findings provided new insight into the inter-domain allosteric
communication of Pin1. However, many important questions about the nature of interdomain communication of Pin1 remain unclear.
1.2

Why is cis/trans isomerization important?
In 1973, Gareld and Baldwin identified that unfolded ribonuclease A (RNase A)

comprises a kinetically heterogeneous mixture of protein molecules that differ vastly in
the rate of refolding. This mixture contains fast-folding (UF) and slow-folding (US)
species in a slow equilibrium, and they provide parallel fast and slow phases in the
refolding of RNaseA (𝑛𝑎𝑡𝑖𝑣𝑒 𝑠𝑡𝑎𝑡𝑒 ⇌ 𝑈𝐹 ⇌ 𝑈𝑆 ). Similar effects have been observed in
the folding of many other proteins such as RNase T1, staphylococcal nuclease (SNase),
thioredoxin, and bovine pancreatic trypsin (BPTI).14-16 The proline hypothesis introduced
by Brandts et al., suggested that the fast- and slow-folding molecules differ in the cistrans isomeric state of one or more X-Pro (X represent any amino acid) peptide bonds
present in the protein structure.17
In non-prolyl dipeptides, the cis form is relatively unstable in relation to the trans
form (Fig. 1.2). The main reasons are (1) the interactions of the 𝐶 ∝ 𝐻 ⋯ 𝐶 ∝ 𝐻, (2) the
5

′
stronger favorable electrostatic interaction form between 𝑂𝑖 ⋯ 𝐶𝑖+1
in the trans, and (3) a

lower entropic contribution accounts for X-proline dipeptide instability in comparison
with the non-proline dipeptide. However, the instability of the cis form of X-Pro group is
lower than non-prolyl dipeptide due to: (1) the steric similarity between the 𝐶 ∝ and 𝐶 𝛿
atoms bonded to the amine nitrogen of proline, (2) the change in the electrostatic
′
interaction between 𝑂𝑖 ⋯ 𝐶𝑖+1
, and (3) a smaller entropic loss in the trans-to-cis

conversion than the non-prolyl peptide group.16,18 Due to these reasons, the cis and trans
forms of X-Pro peptide groups are less energetically distinguishable, although the trans
form remains in a more favorable state (with 80-90% of Pro residues favoring trans
conformation). Small peptides exhibit a mixture of cis and trans forms, due to the
electrostatic component of cis-trans transformation energy. When the solvent changes
from nonpolar to polar, the cis form increases in population. In some proteins, the energy
is almost equal between cis and trans forms due to the favorable interactions with
neighboring amino acids in native proteins, and, as such, these proteins contain either the
mostly cis or the mostly trans form of X-Pro peptide groups in the native structure.
A peptide bond or amide bond connects two consecutive α-amino acids. This
amide is formed between the carbonyl carbon of one α-amino acid and the amide
nitrogen of the following amino acid. The lone pair of electrons on the amide nitrogen is
delocalized in the amide bond, leading to partial double bond character. This
delocalization results in a polar resonance species with planar geometry and the presence
of two energetic minima with torsion angle values (𝜔 = 𝐶𝛼 − 𝐶 ′ − 𝑁 − 𝐶𝛼 ; rotation
around 𝐶𝑖−1 − 𝑁𝑖 ) 𝜔 = 0° (cis) and 𝜔 = 180° (trans). The rotational energy barrier
between these two states is ~60-90 kJ/mol depending on the attached chemical
6

residues,19-20 and their corresponding 𝜑 values between 𝐶 𝛼 and 𝐶 ′ .21-22 The energy barrier
is ~10-20 kJ/mol higher for trans-to-cis than for the cis-to-trans conversions. Therefore,
the cis-to-trans isomerization rate is faster than the trans-to-cis conversion. The
difference in the ground state energy of the cis and trans isomers and their populations
are determined by the steric and stereo-electric effects, between the components of the
peptide unit. Due to these effects, trans conformers are sterically favored over cis
conformers,19,23-24 and, as such, the occurrence of cis peptide bonds of secondary amides
is low at approximately 0.13% – 0.23% in polypeptides.25 Only one specific case has
been highlighted where both cis and trans isomers experience similar steric clashes with
the neighboring groups and are almost energetically equivalent in the X-Pro peptide bond
or the prolyl bond. In prolyl peptide bonds, the energetic advantage of the transconformation is diminished and thus increases the cis-isomer population with respect to
trans-conformers. This correlated with the slower cis-to-trans isomerization rates
(~10−3 ) with respect to trans-to-cis interconversion. Therefore, in the X-Pro moieties the
forward and reverse reaction rates become more equivalent.

7

Figure 1.2

Non-proline and proline peptide bonds

(A) Non-proline and (B) proline peptide bonds can adopt two different conformations,
trans and cis. The C=O and N-H groups point in the opposite directions in the trans
isomer, while they point in the same direction in the cis isomer.
Even though cis conformers are present in a very limited number of residues in
folded proteins, these conformers still have biological implications. Schmid et al. has
described that the cis-trans isomerization of the peptide bonds are slow, the rate-limiting
steps of folding, and their interdependence with other events in protein folding.26 Other
studies also describe the importance of the cis-trans isomerization process of the peptide
bond in protein folding.16,27-29 Furthermore, the cis-trans isomerization reaction is used as
8

a molecular timer in a number of biological processes, such as cell signaling,30-31 ion
channel gating,32 and gene expression.33 Deregulation of this isomerization process is
associated with pathological condition, such as cancer,34 amyloid formation,35-36 and
Alzheimer’s disease.37
The disruption of the partial double bond character of the peptide bond is the
approach to catalyze the cis-trans interconversion of X-Pro peptide groups. Prolyl
isomerization can be accomplished either non-enzymatically or enzymatically. Nonenzymatic prolyl isomerization occurs when the energy barrier for isomerization is
lowered as is the case in the presence of acidic or organic solutions. In acidic solutions,
O-protonation of the C-O bond to make a ketone-like group or N-protonation of the C-N
bond to make an amine-like group that creates an alternate low-energy pathway. For
example, strong acid increases the interconversion rate by protonation of the carbonyl
oxygen.26,38 For the lowering of the isomerization energy barrier via organic solvents, it
has been shown that the transition state for amide rotation is nonpolar relative to the
reactant state and thus is stabilized in nonpolar or organic solvents. Changing the solvent
from water to acetone to cyclohexane shows an increase in the isomerization rate.38 For
enzymatically induced prolyl isomerization, enzymes such as peptidyl prolyl isomerase
(PPIases) catalyze cis-trans isomerization by disrupting the partial double bond character
of the peptide bond, accelerating the isomerization process.26,38 The prolyl isomerase
families comprise cyclophilins (Cyp), FK506 binding proteins (FKBPs) and parvulins
(Par), all of which are diverse in their amino acid sequences, have different substrate
binding specificities, and have been verified as sensitive to different classes of inhibitors.

9

1.3

Pin1 catalytic activity
Pin1 is the best characterized PPIase in the parvulin family that specifically acts

by rotating the ω bond of a Pro that is preceded by phosphorylated-Ser or
phosphorylated-Thr. Lu et al. have proposed that Pin1 participates in a “tag and twist”
mechanism to activate its substrate in the presence of protein kinases which can
phosphorylate Ser/Thr-Pro motifs. The kinase’s function is coupled by phosphorylating
Ser or Thr side chains (tagging), and Pin1 specifically catalyzes the cis/trans
isomerization (twist) by breaking the π-bond character of the amide C-N bond.39-41 Two
basic mechanisms have been proposed for Pin1 catalysis: (1) nucleophilic attack on the
carbonyl carbon by the thiolate side chain2 and (2) hydrogen bond formation of the
prolyl nitrogen twists the amide bond out of conjugation.42-43 Both of these mechanisms
support the breakage of the carbon-nitrogen π-bond, leaving a single, easily rotatable
bond.
A crystallographic study of Pin1 in complex with an Ala-Pro dipeptide was the
first schematic insight into the reaction mechanism of cis/trans isomerization by parvulin
proteins.2 The crystal structure shows a cluster of four amino acids (Cys113, His59,
His157, and Ser154) in human Pin1, which are symmetrically distributed around the bond
rotation axis and arranged to make conformation-specific interactions with the substrate
during the catalytic process (Fig 1.3). The binding site for the cyclic side chain of the
substrate Pro (residue i) is the hydrophobic pocket, composed of the residues Phe134,
Met130, and Leu122. Finally, the i-1 substrate residue is fixed at the basic residue triad
(Lys63, Arg68, and Arg69) and mediates the catalytic selectivity for the side chain Nterminal to the Pro.
10

Figure 1.3

pSer-Pro motif of a peptide in the enzyme bound transition state

Hydrogen bonding in the transition state represented by dashed lines. Squiggly bonds
represent amine and carboxyl functional groups of amino acids. Hashed bonds indicate
residues preceding and following the pSer-Pro motif. In the trans conformation the
hydrogen bond from Ser154 switches from the phosphorus group to the prolyl bond
carbonyl group which then gets rotated closer to the serine side chain oxygen.
The Pin1 isomerization involves nucleophilic catalysis, whereby Cys113 thiolate
nucleophilically attacks the carbonyl carbon. The Cys113 thiolate ion forms by the
abstraction of the thiol proton by the deprotonated imidazole nitrogen of His59. The
nucleophilic attack on the carbonyl carbon of the proline leads to the formation of a
covalent tetrahedral intermediate. Electrostatic interactions with the protonated His157
stabilize the negative charge on the carbonyl oxygen, and this high energy intermediate
relaxes back to ground state as either cis or trans conformer. Since this mechanism
11

involves protonation/deprotonation of histidines, Pin1 activity has been proposed to be a
pH sensitive catalytic mechanism.
The twisted amide mechanism, an alternative to the mechanism proposed above,
suggests PPIases bind the X-Pro substrate and pyramidalize the prolyl nitrogen through
hydrogen bonding to distort the amide bond. A series of studies used the transition state
of Pin1 inhibitors to confirm this non-covalent mechanism via the twisted amide ω-90°syn-exo transition state.44-45 According to this model, the transition state stabilized by the
intermolecular hydrogen bonds between ProN-NHi+1 (Fig. 1.3) and stabilized transition
state bound to the enzyme reduces the rotational activation barrier.46-47 According to the
proposed model in Ranganathan et al. and other structural models, the hydrophobic
residues Leu122, Met130, and Phe134 reside in the proline-binding pocket, while the
other hydrophobic residues and their side-chain flexibilities seem to play an important
role in substrate binding and catalysis.2,10,48-49 Quantum mechanical/molecular
mechanical (QM/MM) studies support this hypothesis and strengthen the understanding
of the experimental data by explaining the importance of each residue that participates in
the cis/trans isomerization by Pin1.50-51 It was concluded that the cis/trans isomerization
occurs via the hydrogen bonding network of the ‘catalytic tetrad’ and the hydrogen bond
donor Gln131 for the carbonyl oxygen of the proline residue.47 Residues Gln131, Ser154,
and the basic residue triad (Lys63, Arg68, and Arg69) are fixed the Ser/Thr phosphate
group of the peptide, were also shown to be important anchor points for the bond rotation
in the cis-trans isomerization.

12

1.4

Biological significance of Pin1 activity
Pin1 was originally identified as a cell cycle protein, and many cell cycle

regulatory proteins have been identified as potential targets for Pin1 substrates. The
diverse number of potential biding sequences for Pin1 made it difficult to interpret its role
in pathogenesis in human diseases. Unbalanced expression levels of Pin1 are involved in
a broad variety of diseases, as Pin1 regulates diverse cellular processes. Human Pin1 has
been identified as a regulator of diverse cellular processes, such as growth-signal
responses, cell-cycle progression, cellular stress responses, immune responses and
neuronal function.52-53
Lu and co-workers were the first to propose a mechanism for mitotic regulation
by Pin1 in humans.1 In regulation of mitotic progression, phosphorylation of mitotic
proteins on Ser/Thr-Pro motifs has long been known to be important. Pin1 activity was
shown to inhibits entry into mitosis, and it is also required for proper progression through
mitosis.54 Shen et al. reported that the Pin1 interacts directly with a subset of mitotic
proteins phosphorylated on Ser/Thr-Pro motifs in a phosphorylation-dependent and
mitosis-specific manner. These proteins include important mitotic regulators such as
Cdc25, Myt1, Wee1, Plk1, and Cdc27.54 Their analysis showed that Pin1 not only binds
Cdc25 on its phosphorylation sites, but that it also alters its activity in vitro and in vivo.
Thus, Pin1 acts as a general regulator of mitotic-specific phosphoproteins, apparently by
catalyzing phosphorylation-dependent Pro isomerization, and Pin1’s regulatory function
in the cell cycle includes transcription, splicing, DNA damage responses, and germ cell
development.1,41,65-66 It should come as no surprise, therefore, that Pin1 might be an
important target in cancer treatment. Indeed, increased levels and deregulation of Pin1
13

has been implicated in various human cancers, and its overexpression generally correlates
with poor clinical outcomes.52,67
A difference in the level of expression of Pin1 in the brain is correlated with
frontemporal dementia (FTD) and Alzheimer’s disease (AD).55-59 In AD, hyper
phosphorylated tau (p-tau) protein forms neurofibrillary tangles. Under normal
conditions, more than 90% of p-tau peptides are in the trans conformation,60 whereas cis
p-tau is associated with neurodegeneration in AD. Isomerization of p-tau61 and regulation
of tau phosphorylation56 by Pin1 activity protects tau against aggregation. Studies have
also shown that Pin1 activity slows down the amyloidogenic Aβ production from
amyloid precursor protein (APP).36 In AD patients, reactive oxygen species increase the
oxidation of Cys113 in the Pin1 catalytic domain, and this oxidation abolishes Pin1’s
catalytic activity.59,62
Finally, Pin1 has been shown to alter glucose metabolism in mice on a high fat
diet.63 While the mechanism remains poorly understood, it has been found that increased
Pin1 levels are associated with obesity, nonalcoholic fatty liver disease, diabetes mellitus,
and atherosclerosis.63-64
1.5

NMR titration theory

A single site reversible binding of a ligand (L) with a protein (P),
𝑃 + 𝐿 ⇌ 𝑃𝐿

(1.1)

can be characterized by forward and reverse rate constants (𝑘𝑜𝑛 and 𝑘𝑜𝑓𝑓 ). The
dissociation constant (𝐾𝐷 ) is equal to,
𝐾𝐷 =

[𝑃][𝐿]
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[𝑃𝐿]

(1.2)

where [P], [L], and [PL] represent the concentrations of free protein, free ligand and
protein-ligand complex, and 𝐾𝐷 can be defined as the concentration of ligand and protein
required to saturate half of the binding sites. The forward and reverse rates can be
calculated using 𝑘𝑜𝑛 [𝑃][𝐿] and 𝑘𝑜𝑓𝑓 [𝑃𝐿] respectively and are equal at equilibrium. The
dissociation constant 𝐾𝐷 is equal to

𝑘𝑜𝑓𝑓
⁄𝑘 . In NMR titrations we consider the HSQC
𝑜𝑛

(Heteronuclear Single Quantum Coherence) spectrum of a labeled protein as unlabeled
ligand is titrated in. When the exchange rate is slow on the chemical shift time scale, 𝑘𝑜𝑓𝑓
is significantly slower than the chemical shift difference between free and bound protein
measured in Hz. As ligand is titrated in, the intensities of the two peaks corresponding to
free and bound protein changes, with the free signal gradually disappearing and a bound
signal appearing. On the other hand, when 𝑘𝑜𝑓𝑓 is much greater than the chemical shift
difference in the fast exchange, the signals will move slowly from their free position to
their bound position (Fig 1.4). When the exchange rate is similar to the shift difference,
the signal broadens and shifts at the same time.
During the titration, total ligand [𝐿]𝑡 and total protein [𝑃]𝑡 concentrations are
known. Total concentrations are the sum of free and bound forms:
[𝐿]𝑡 = [𝐿] + [𝑃𝐿]

(1.3)

[𝑃]𝑡 = [𝑃] + [𝑃𝐿]

(1.4)

and

On the other hand, in fast exchange the observed chemical shift change is the
weighted average of the shifts in the free and bound states:
𝛿𝑜𝑏𝑠 = 𝛿𝑓 𝑓𝑓 + 𝛿𝑏 𝑓𝑏
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(1.5)

where 𝑓𝑓 and 𝑓𝑏 are the free and bound fractions. Because,
𝑓𝑓 + 𝑓𝑏 = 1

(1.6)

this can be used to rewrite the fraction of ligand bound as
𝑓𝑏 = (𝛿𝑜𝑏𝑠 − 𝛿𝑓 )/(𝛿𝑏 − 𝛿𝑓 )

(1.7)

A final equation allows in the determination of observed change in chemical shift:
∆𝛿𝑜𝑏𝑠 = (∆𝛿𝑚𝑎𝑥 )

([𝑃]𝑡 +[𝐿]𝑡 +[𝐾𝐷 ])−√([𝑃]𝑡 +[𝐿]𝑡 +[𝐾𝐷 ])2 −4[𝑃]𝑡 [𝐿]𝑡
2[𝑃]𝑡

(1.8)

where ∆δ𝑜𝑏𝑠 , is the observed shift change from the free state, and ∆δ𝑚𝑎𝑥 is the
maximum shift change upon saturation. This equation allows one to fit 𝐾𝐷 from the
measured chemical shift values at different protein and ligand concentrations. The fitting
can be easily arranged in a spreadsheet or other fitting routine.
Fitting several titration curves with the same 𝐾𝐷 and different 𝛿𝑏 simultaneously
gives a much more accurate estimate of 𝐾𝐷 . The protein concentration can be difficult to
determine and it can also be treated as another variable in the fitting. On the other hand,
this equation shows that the concentrations of protein and ligand should be close to 𝐾𝐷 ,
and obtaining a good estimate of 𝐾𝐷 often requires some knowledge of what 𝐾𝐷 will be.
Previous studies have shown that the optimum value for protein concentration is about
0.5𝐾𝐷 , and ligand concentration should be in a range of 0.4[𝑃]𝑡 to 10[𝑃]𝑡 , with the
optimum number of titration points being in the 15-20 range. The protein-ligand
concentrations are set to cover a range of fractional saturations of protein by ligand,
ideally up to almost full saturation.68-70 The error in the fitted 𝐾𝐷 will be larger if
conditions are not close to full saturation.
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Figure 1.4

2D NMR peak shape in different exchange rates

In fast exchange (left), peaks move smoothly from free (red) to bound (purple) and in
slow exchange (right), the free peak (red) decreases in intensity as the bound peak
(purple) increases.
1.6

Strengths and limitations of NMR titrations
NMR titrations allow a mapping of a protein’s interface, and they provide a good

estimation of the stoichiometry, affinity, and specificity of binding, and the kinetics of
binding. The chemical shift changes of the labelled protein throughout the titration are
determined by the kinetics of the interaction.71 In some cases, the entire protein may
change conformation, and all the residues in the protein will have chemical shift changes.
Under these conditions, the chemical shift perturbation fails as a mapping device, but it
continues to be the best indicator of an allosteric process.72 If the complex dissociation is
very fast, only a single set of resonances appear with chemical shifts with the values
being the weighted average of the free and bound chemical states. In this case, during the
titration the resonances at the interface move in a continuous fashion. As the system
17

deviates from fast exchange, the observed shift is no longer the weighted average of free
and bound states, and the titration curve will broaden, often making measurements
difficult to perform. When the system is in a slow exchange regime, during the titration
the peaks corresponding to unbound protein will disappear, being replaced by the bound
protein peaks. Most of the peaks will overlap or move to a new location. In this situation,
independent assignment procedures are needed for the bound state. The affinity in slow
exchange can be determined by plotting the intensity of the signal as a function of ligand
concentration and fitting in to the same equation (Eq. 1.8). If slow exchange is
accompanied by kinetic line broadening, it will further complicate the extraction of
affinities.71,73 In NMR titrations, line broadening can be caused mainly by slow tumbling
or exchange, and slow tumbling signal broadening is a result of the molecular weight of
the unlabeled ligand being very high or as a result of aggregation or oligomerization upon
the addition of the ligand. If line broadening affects the affinity measurements, it is
advisable to use other biophysical techniques, such as light scattering, analytical
ultracentrifugation, isothermal calorimetry, or fluorescence spectroscopy to gather further
information on the system.
One of the early applications of novel CSP (Chemical Shift Perturbation)
mapping for the description of protein-protein interfaces was the titration of unlabeled Adomain into a solution of

15

N-labeled HPr. This experimentation was performed by two

independent research groups who were mapping the surface HPr with the A-domain of
enzyme II.72,74 In another study, one of the prototypes of signal transduction, the RASRAF system, was mapped by NMR and provided important complementary information
to the structural data available for the RAS side of the complex.75 Furthermore, CSP
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mapping methods allowed researchers to discover an important finding in addition to the
DNA-binding function, where zinc fingers also display protein-protein interactions with
an approximate 10-5 M 𝐾𝐷 .76-77 NMR shift perturbations also identified residues involved
in the interaction of Staphylococcus aureus fibronectin-binding protein with a module
pair from the N-terminal region of fibronectin.78 CSP mapping methods are not limited
to protein-protein interactions, they can also be utilized in protein-nucleic acid
interactions, such as the RNA recognition by the human protein U1A.79 Using

15

N-1H -

HSQC CSP methods, interactions between regions of the protein cPLA2-C2 were found
to interact with membranes.80 Another recent study used changes in chemical shifts of an
15

N HSQC spectra as an indicator for a change in protonation state of residues in the

fusion domain of hemagglutinin protein.81
CSP mapping is not limited to small proteins, as one of the largest systems
analyzed by shift mapping was a 10 kDa fragment of 15N- labelled Hsp40 (DnaJ) with a
44 kDa fragment of Hsp70 (DnaK) and also with the full length Hsp70, for a total of 80
kDa.82 This group used 1H-15N correlation NMR perturbation mapping to identify the
DnaK-binding site on the J-domain of DnaJ 2-75. During the titration, resonance line
broadening and CSP in the spectrum were observed with unlabeled DnaK. These results
provided information about changes in the chemical environment caused by side chain
rearrangement, exclusion of solvent at the interface, and changes in electrostatic potential
upon complex formation. The largest complex for which applied

15

N-1H NMR chemical

shift mapping was used is in the case of the protein-protein contacts in the 51 kDa
complex formed between the type 1 pilus chaperone FimC and the pilus subunit FimH.83
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Generally, chemical shift changes cannot simply be used to predict what exactly
happens at the protein-protein interface, as isotropic chemical shifts depend upon the
susceptibility anisotropies of nearby groups. For example, in the Jonson Bovey model for
aromatic systems like benzene, the pi electron cloud is assumed to flow in circles above
and below the plane of the benzene ring.84 These ring current shifts on nearby aromatic
residues are effect on protein chemical shifts caused by titration with ligands.85 The shift
caused by a single aromatic residue on a ligand can be predicted if the orientation relative
to an aromatic residue in the binding site is known, but if just the shifts are known, it is
difficult to precisely orient the two chemical moieties.
Chemical shift perturbations cannot be used to acquire the binding pattern on an
atom by atom basis, as this just provides the position of the interfaces on the individual
binding partners. One alternative method may be the addition of distance constraints into
the NMR shift mapping method (eg. NOE).
1.7

Why is relaxation important?
NMR relaxation is a powerful method used to characterize molecular motion.

Two of the most common and important applications are
1. The study of the relative motion of domains within a protein when the domain
orientation is dynamic. This information is obtained by analyzing the apparent
rotational diffusion constant for each of the domains. For example, the interdomain motions of Ca2+-ligated calmodulin were characterized by analyzing the
nuclear magnetic resonance

15

N longitudinal relaxation rate 𝑅1 , transverse

relaxation rate 𝑅2 , and steady-state 1H-15N NOE of the backbone amide group.86
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2. The determination of the degree and rate of motions in specific locations within
the protein, which can provide information about many site-specific internal
motions. Early studies have been focused on the relaxation properties of the
amide group of proteins,87-88 and recently these studies have further extended to
the relaxation properties of methyl-containing side chains to characterize the
dynamics of hydrophobic regions in proteins.89
The desired information is obtained by comparing experimentally measured
relaxation parameters to those calculated from models of the motion. Therefore,
predicting the relaxation of the spins accurately is very important. The measurement of
the relaxation rates of the heteronuclear spins

15

N and

13

C is particularly useful for

obtaining dynamic information, as their relaxation is dominated by the dipolar interaction
with directly bound protons and to a much smaller extent by their own chemical shift
anisotropy. The effect of both of these interactions on relaxations has been well
characterized by studies on model systems.90-91
Although relaxation studies are mainly used to characterize molecular motions,
information about relaxation rates is also important for defining experimental parameters
in NMR pulse programs. For example the 𝑇1 relaxation time of protons usually limits the
delay before acquiring the next FID in a pulse sequence. The 𝑇2 relaxation time of
protons as well as heteronuclear (15N, 13C) spins normally limits the duration of time that
free induction decay should be sampled.
The spin-spin relaxation rate of an amide

15

N nucleus spin is affected by dipolar

coupling to the attached proton, chemical shift anisotropy, and chemical exchange. The
electronic environment around a nucleus is not spherical (anisotropic) but varies
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depending on the orientation of the magnetic field relative to the nucleus. For this reason,
the chemical shift also changes as the orientation of a molecule with respect to the
magnetic field 𝐵0 . The 𝐵0 field is reduced at the nucleus by the surrounding electron
density by a shielding factor 𝜎. This gives an observed chemical shift of 𝜔𝑠 = γ(1 −
σ )𝐵0. A change in the orientation of the spin will have no effect on the shielding of the
nucleus and on the magnetic field at the nucleus if the electron density is the same in all
directions (isotropic). In anisotropic shielding, different orientations of the molecule will
generate different magnetic fields at the nucleus. The chemical shift anisotropy (CSA) is
usually defined as:
∆𝛿 = 𝛿 𝑧𝑧 − (𝛿𝑥𝑥 + 𝛿 𝑦𝑦)/2

(1.9)

The magnetic field along the x-axis is 𝛿𝑥𝑥 , along the y-axis is 𝛿𝑦𝑦 , and along the
z-axis is 𝛿𝑧𝑧 . Two of the three values are equal in axial symmetry. In many cases the
shielding and chemical shift shows axial symmetry. The tensor element parallel to the
symmetry axis is defined as δ||, and the two equivalent elements are defined as δ⊥. The
assumption for an axially symmetric chemical shift tensor (CSA) is ∆𝛿 = 𝛿|| − 𝛿⊥ .
Dipolar coupling results when the magnetic field arising from one nuclear spin
affects the local magnetic field of another spin. This leads to a slightly different magnetic
field at one spin that depends on the orientation of both magnetic dipoles. The intensity of
dipole-dipole coupling depends on both the orientation of both magnetic dipoles, the
distance between them (𝛾𝑁𝐻 ), and the gyromagnetic ratios of the coupled spins(𝛾𝑁 , 𝛾𝐻 ).
It is given by the dipolar coupling constant d in units rad/s

𝑑=

𝜇0 𝛾𝑁 𝛾𝐻/ħ
3
4𝜋𝑟𝑁𝐻
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(1.10)

The relaxation parameters 𝑅1 , 𝑅2 and the NOE enhancement of an amide 15N spin
relaxed by chemical shift anisotropy and by dipolar coupling to a directly bonded proton
are given by92
d2

R1 = ( 4 ) [ J(ωH − ωN ) + 3J(ωN ) + 6J(ωH + ωN )] + c 2 J(ωN )
d2

(1.11)
c2

R 2 = ( 8 ) [4J(0) + J(ωH − ωN ) + 3J(ωN ) + 6J(ωH ) + 6J(ωH + ωN )] + ( 6 ) [4J(0) +
3J(ωN )] + R ex

(1.12)
d2

γ

NOE = 1 + (4R ) (γH) [6J(ωH + ωN ) − J(ωH − ωN )]
1

in

N

which d2 = 0.1γ2N γ2H h2 /(4π2 ) < γ3NH >2

and

2

(1.13)

𝑐 2 = (15) 𝛾𝑁2 𝐻02 (δ|| − δ⊥ )2 .

In

equation 1.11-1.13 𝛾𝑖 is the gyromagnetic ratio of spin i (spin N or H), h is Planck’s
constant, 𝑟𝑁𝐻 is the internuclear distance, 𝐻0 is the magnetic field strength, 𝛿|| and 𝛿⊥ are
the parallel and perpendicular components of the axially symmetric

15

N chemical shift

tensor, and J(ωi) is the spectral density function, i.e. the intensity of the magnetic field
fluctuations as a function of the frequency.
For a protein in solution, the spectral density function J(ωi) depends on both the
internal motions of the 1H-15N bond vector and the overall motion of the macromolecule
as a whole. The information on fast internal motions (faster than about 0.3 ns) contained
in an NMR relaxation experiment can be completely described by (1) generalized order
parameter, S, measuring the degree of spatial restriction of the motion and (2) an
effective correlation time 𝜏𝑒 , describing the rapid internal motions. The analysis of the
relaxation data in terms of the amplitude and time scales of intramolecular motions of the
protein is most easily achieved by using model-free formalism pioneered by Lipari &
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Szabo93 and extended by Clore and co-workers.94 In this analysis, J(ωi) is expressed
according to
𝜏

𝜏

𝐽(𝜔𝑖 ) = 𝑆2 [1+ (𝜔𝑚𝜏

+ (1 − 𝑆2) [1+ (𝜔 𝜏)2]

2
𝑖 𝑚) ]

(1.14)

𝑖

where 𝜏𝑚 is the correlation time for the overall motion, and

1
𝜏

= 1/𝜏𝑚 + 1/𝜏𝑒 . This

approach is referring as “model-free” because equation 1.14 is derived without appealing
a specific structural model for internal motions. Hence, S and 𝜏𝑒 are defined in a model
independent way, and after extracting numerical values for S and 𝜏𝑒 from the data, then
interpretation can be done within the framework of a particular model.93
It is convenient to reorganize equations 1.11-1.13 to gain physical understanding
into the effects of 𝜏𝑚 , 𝜏𝑒 , and 𝑆 2 on the measurable 𝑇1 , 𝑇2 , and NOE.
1

1/𝑇1 = 𝑆 2 (𝑇 )
1

2

𝑖𝑠𝑜𝑡

[1 +

1

1/𝑇2 = 𝑆 (𝑇 )
2

𝑖𝑠𝑜𝑡

(10+𝛿)
(3+𝛿)

[1 +

(1−𝑆 2 )

×{

7
6
2
{2+( )𝛿}
3

𝑆2

{10+( )𝛿}

×{

1−𝑆 2

𝑁𝑂𝐸 = 𝑁𝑂𝐸𝑖𝑠𝑜𝑡 − 50/(3 + 𝛿)[{

𝑆2

𝜏

} (𝜏 𝑒 ) (𝜔𝑥 𝜏𝑚 )2 ]
𝑚

1−𝑆 2
𝑆2

}(𝜏𝑒 /𝜏𝑚)

𝜏
} ( 𝑒⁄𝜏𝑚 )(𝜔𝑥 𝜏𝑚 )2 ]

(1.15)

(1.16)
(1.17)
𝑐

where the subscript isot refers to the value in the absence of internal motions, 𝛿 = (𝑑2 )
and 𝛿 = 0.67 for a 15N resonance.
1.8

Measurement of chemical exchange
1

H-1H Nuclear Overhauser Effect Spectroscopy (NOESY) and Exchange

Spectroscopy (EXSY) are the same experiment used to measure different physical
phenomena. NOESY establishes correlations between nuclei that are physically close to
each other even though they are not bonded. A NOESY spectrum produces through space
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correlations via spin-lattice relaxation (𝑇1 ) but as discussed below, it can also detect
chemical reaction kinetics. When used in this way, the approach is called exchange
spectroscopy (EXSY). The pulse sequence for 2D EXSY in solutions has been in use
since 1979 to detect chemical exchange processes and magnetization exchange due to
dipolar relaxation.95 Physical processes for proteins in the 10-5000 ms time window
include slow conformational changes such as domain movements,96-97 ligand binding and
release,98-100 topological interconversion of secondary structure,101-102 and cis-trans
isomerization of proline residues.30,103 EXSY requires that the dynamic process is in the
slow exchange time regime, where signals from both states are observed reflecting their
distinct chemical shifts, intensities and linewidths (𝑘𝑒𝑥 ≪ |Δν|). Extra signals arising
from exchange are clearly identified after assigning each signal from standard NMR
methods.

Figure 1.5

Pulse sequence for a simple 2D NOESY/EXSY

All pulses are applied as high power 90° proton pulses. See text for the density matrix at
each point in the pulse sequence (ρ0-ρ6).
The product operator treatment of the NOESY pulse sequence is discussed
below.104
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The effect of the pulse sequence will be investigated for the case of two
uncoupled spins as 1 and 2. The initial state or the equilibrium magnetization before the
first pulse represented as, 𝐼1𝑧 + 𝐼2𝑧 .
Initial condition: At thermal equilibrium, equilibrium magnetization on spins 𝐼1 and 𝐼2 is
proportional to the z-component of the angular momentum to the density matrix,
ρ0 = 𝐼1𝑧 +𝐼2𝑧

(1.18)

1st 900 pulse: equilibrium magnetization on spins, rotated to −𝐼1𝑦 and −𝐼2𝑦 by the first
90° pulse of phase x. For simplicity, only magnetization from the 𝐼1 spin will be
considered in the calculation.
π/2 I1x

𝐼1z →

π/2 I2x

→

− 𝐼1y

ρ1 = −𝐼1𝑦

(1.19)
(1.20)

The second arrow has no effect as it involves operator of spin 2
Evolution during 𝒕𝟏 (𝝆𝟐 ): Spins 1 and 2 can be treated separately, since there is no scalar
coupling. Evolution during the t1 period can be described using the evolution operator,
π/2 I1𝑥 π/2 I2𝑥

−𝐼1𝑦 →

→

−(𝑐𝑜𝑠𝛺1 𝑡1 ) 𝐼1𝑦 + (𝑠𝑖𝑛𝛺1 𝑡1 ) 𝐼1𝑥

(1.21)

Once again the second arrow has no effect. The 90° pulse turns the first term onto the zaxis and leaves the second term unaffected.
Following the 2nd 900 pulse (𝝆𝟑 ):
π/2 I1𝑥 π/2 I2𝑥

−(𝑐𝑜𝑠𝛺1 𝑡1 ) 𝐼1𝑦 →

→

π/2 I1𝑥 π/2 I2𝑥

(𝑠𝑖𝑛𝛺1 𝑡1 ) 𝐼1𝑥 →

→

−(𝑐𝑜𝑠𝛺1 𝑡1 ) 𝐼1𝑧

(1.22)

(𝑠𝑖𝑛𝛺1 𝑡1 ) 𝐼1𝑥

(1.23)

Only the 𝐼𝑧 term leads to observable signal in the final spectrum, thus we will ignore the
off-diagonal 𝐼1𝑥 term in the density matrix. The effect of the first part of the pulse
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sequence is to generate some z magnetization on spin 𝐼1 at the start of mixing time
((𝑡𝑚𝑖𝑥 ). The size of z magnetization is modulated by the cosine term on 𝑡1 and the
frequency 𝛺1 .
During the mixing time, spin 1 may experience chemical exchange, and its new
environment makes it effectively behave like an 𝐼2 spin from 𝑡𝑚𝑖𝑥 onward. However, this
carries the frequency label that it acquired during 𝑡1 . The degree of transformation
depends on the details of the chemical kinetics. Here, we assume that during 𝑡𝑚𝑖𝑥 a
fraction f of the spins of type 1 chemically exchange with spins of type 2. At the end of
mixing time the change in the population levels can then be written as:
𝑀𝑖𝑥𝑖𝑛𝑔

−(𝑐𝑜𝑠𝛺1 𝑡1 ) 𝐼1𝑧 →

−[(1 − 𝑓)𝑐𝑜𝑠𝛺1 𝑡1 ] 𝐼1𝑧 − (𝑓𝑐𝑜𝑠𝛺1 𝑡1 ) 𝐼2𝑧

(1.24)

The final 90° pulse returns the longitudinal magnetization to the transverse plane (rotates
the z-magnetization onto y-axis). The f term will be discussed in the fitting equations
later.
At 𝝆𝟓 :
π/2 I1𝑥 π/2 I2𝑥

−[(1 − 𝑓) cos 𝛺1 𝑡1 ] 𝐼1𝑧 →

→

π/2 I1𝑥 π/2 I2𝑥

−(𝑓𝑐𝑜𝑠𝛺1 𝑡1 ) 𝐼2𝑧 →

→

[(1 − 𝑓)𝑐𝑜𝑠𝛺1 𝑡1 ] 𝐼1𝑦

(𝑓𝑐𝑜𝑠𝛺1 𝑡1 ) 𝐼2𝑦

(1.25)
(1.26)

Even though the magnetization started on spin 𝐼1 , at the end of the experiment, a portion
of the magnetization has been transferred to spin 𝐼2 . This process is called magnetization
transfer. The analysis of the experiment is completed by allowing the 𝐼1𝑦 and 𝐼2𝑦
operators to evolve during detection in 𝑡2 .
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Detection in 𝒕𝟐 , 𝝆𝟔 :
𝛺1𝑡2 𝐼1𝑧 𝛺2 𝑡2 𝐼2𝑧

[(1 − 𝑓)𝑐𝑜𝑠𝛺1 𝑡1 ] 𝐼1𝑦 →

→

[(1 − 𝑓)𝑐𝑜𝑠𝛺1 𝑡2 𝑐𝑜𝑠𝛺1 𝑡1 ] 𝐼1𝑦 −

[(1 − 𝑓) sin 𝛺1 𝑡2 𝑐𝑜𝑠𝛺1 𝑡1 ] 𝐼1𝑥
𝛺1 𝑡1 𝐼1𝑧 𝛺2 𝑡2 𝐼2𝑧

(𝑓𝑐𝑜𝑠𝛺1 𝑡1 ) 𝐼2𝑦 →

→

(1.27)

(𝑓𝑐𝑜𝑠𝛺2 𝑡2 𝑐𝑜𝑠𝛺1 𝑡1 ) 𝐼2𝑦 − (𝑓𝑠𝑖𝑛𝛺2 𝑡2 𝑐𝑜𝑠𝛺1 𝑡1 ) 𝐼2𝑥

(1.28)

For simplicity, we will consider only the 𝐼𝑦 operator terms as follows:
(1 − 𝑓)𝑐𝑜𝑠𝛺1 𝑡2 𝑐𝑜𝑠𝛺1 𝑡1 + 𝑓 𝑐𝑜𝑠𝛺2 𝑡2 𝑐𝑜𝑠𝛺1 𝑡1

(1.29)

The important thing is that the amplitude of the signal recorded during 𝑡2 time is
modulated by the evolution time 𝑡1 . Fourier transforms with respect to 𝑡2 transform
cos(𝛺1 𝑡2 ) and cos(𝛺2 𝑡2 ) terms to give absorption mode signals centered at 𝛺1 and 𝛺2 in
the 𝐹2 dimension. Fourier transforms with respect to 𝑡1 gives peaks with an absorption
line shape in the 𝐹1 dimension. Therefore, the final 2D spectrum is expected to have two
peaks. One is at 𝐹1 , 𝐹2 = (𝛺1 , 𝛺1 )– this is a diagonal peak and arises from those spins of
type 1 which did not experience chemical exchange during the mixing time (𝑡𝑚𝑖𝑥 ) . The
second is at 𝐹1 , 𝐹2 = (𝛺1 , 𝛺2 ) – this is a cross peak which specifies that part of the
magnetization from spin 1 was transferred to spin 2 during 𝑡𝑚𝑖𝑥 . An additional two peaks
are expected that originate from the analogous treatment of spin 2.
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Figure 1.6

Schematic EXSY spectrum for two spins system, 1 and 2.
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Figure 1.7

Line intensities in 2D-exchange spectroscopy.

Example EXSY spectrum for two exchanging spins (top). The time dependence of the
intensity of diagonal- and cross peaks is presented in the lower graph.
In a typical EXSY experiment, a series of 2D spectra are attained with different
mixing times (𝑡𝑚𝑖𝑥 = 10 − 5000 𝑚𝑠) to generate “build-up curves” from the four
measured intensities as illustrated in figure 1.7. These intensities are fit to an exchange
model to extract kinetic rates of interconversion.
According to the operator description above, the density matrix immediately after the
second pulse can be given by:
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𝜌 = 𝐼𝑧𝐴 cos(𝛺𝐴 𝑡1 ) + 𝐼𝑧𝐵 cos(𝛺𝐵 𝑡1 )

(1.30)

Where 𝐼1𝑧 ∝ 𝑃1 and 𝐼2𝑧 ∝ 𝑃2 , representing the equilibrium magnetization. 𝑃1 and 𝑃2 are
the populations of each environment. The cross peak arise from chemical exchange at
(𝛺1 , 𝛺2 ), with intensity 𝐼12 , arises from spins in environment ‘1’ during 𝑡1 , exchanged to
environment ‘2’ during the exchange period and remained in environment ‘2’ during
detection.
The exchange of magnetization between the two states can be described by differential
equations as below:
𝑑𝐼1𝑧 (𝑡)
𝑑𝑡

= (−𝑅1,1 − 𝑘1 )𝐼1𝑧 + 𝑘2 𝐼2𝑧

𝑑𝐼2𝑧 (𝑡)
𝑑𝑡

= 𝑘1 𝐼1𝑧 + (−𝑅1,2 − 𝑘2 )𝐼2𝑧

(1.31)
(1.32)

where exchange rate constants 𝑘1 and 𝑘2 represent the reverse and forward kinetic rate
constants respectively, and 𝑘𝑒𝑥 = 𝑘1 + 𝑘2 , 𝑅1 is the spin-lattice relaxation rate of the
spin in each environment. These equations can be easily solved using Laplace transforms
assuming that the 𝑅1 is the same for both 1 and 2 environments.105 Often this assumption
is justified, because 𝑅1 is less dependent on molecular dynamics than 𝑅2 . The intensity of
the diagonal- and cross peaks at time 𝑡𝑚𝑖𝑥 is given by:
𝐼11 (𝑡𝑚𝑖𝑥 ) = 𝑃1 [𝑃1 + 𝑃2 exp(−𝑘𝑒𝑥 𝑡𝑚𝑖𝑥 ) exp(−𝑅1 𝑡𝑚𝑖𝑥 )

(1.33)

𝐼22 (𝑡𝑚𝑖𝑥 ) = 𝑃2 [𝑃2 + 𝑃1 exp(−𝑘𝑒𝑥 𝑡𝑚𝑖𝑥 ) exp(−𝑅1 𝑡𝑚𝑖𝑥 )]

(1.34)

𝐼12 (𝑡𝑚𝑖𝑥 ) = 𝐼21 (𝑡𝑚𝑖𝑥 ) = 𝑃1 𝑃2 [1 − exp(−𝑘𝑒𝑥 𝑡𝑚𝑖𝑥 )]exp(− 𝑅1 𝑡𝑚𝑖𝑥 )

(1.35)

To obtain cross peak of appreciable intensity it is necessary that 𝑘𝑒𝑥 ≥ 𝑅1 , since the
intensity of both diagonal- and cross peaks decrease at the rate of spin-lattice relaxation.
However, regardless of relative populations, intensities of cross peaks are similar(𝑃1 𝑃2 ).
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It is important to note that in 2D exchange spectroscopy, both diagonal and cross peaks
have the same phase irrespective of exchange time and rate of external relaxation
(𝑅1 ). Whereas, in NOESY, the intensity of cross peaks depend on the relative size of the
cross- and self-relaxation rates. For larger proteins the rotational correlation time ( 𝜏𝑐 ) is
large, and the cross peaks are positive and increase as the molecular weight increases. For
small molecules, the NOESY cross peak has the opposite sign from the diagonal peak.105
Only z-magnetization should contribute to the NOESY spectrum, and either phase
cycling or pulse-field gradients are applied to ensure that. As discussed earlier, NOESY
experiments regularly comprise time periods during which the magnetization is
positioned along the z-axis. During the mixing time, the magnetization should be along
the z-axis for cross relaxation to occur. To ensure that only required z-magnetization ends
up contributing to the spectrum, off-diagonal terms in the density matrix will be removed
by phase cycling or field gradient pulses. Neither of these methods however, can
differentiate between z-magnetization and homonuclear zero-quantum coherence. This
inability causes difficulties in many 2D experiments. For example, in NOESY, the
desired cross peaks arise from operators such as 𝐼1𝑧 and 𝐼2𝑧 , present during the mixing
time. The 90° pulse at the end of 𝑡1 , rotates these operators into −𝐼1𝑦 and 𝐼2𝑦 , which give
in-phase multiplets. During 𝑡1 , anti-phase terms will develop in a coupled two-spin
system. These terms will be turned into zero-quantum (ZQ) coherence by the last 90°
pulse at the end of 𝑡1 period. A portion of this ZQ coherence is transformed by the final
90° pulse into anti-phase magnetization along the x-axis.106
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𝜋
2

( )(𝐼1𝑥 +𝐼2𝑥 )

𝑍𝑄 ≡ 2𝐼1𝑦 𝐼2𝑥 − 2𝐼1𝑥 𝐼2𝑦 →

2𝐼1𝑧 𝐼2𝑥 − 2𝐼1𝑥 𝐼2𝑧

(1.36)

The unwanted peaks arise from ZQ are anti-phase along the x-axis, while the desirable
NOESY peaks are in-phase along the y-axis, thereby reducing the effective resolution,
introducing misleading correlations and confusing the desired features.
Creation of such artifacts can be prevented by incorporation of an additional pulse
sequence during 𝑡1 period known as a z-filter.106-107
1.9

The use of Residual Dipolar Coupling in studying proteins by NMR

Solution NMR techniques to study protein structure include: the nuclear Overhauser
effect (NOEs), which provides inter-proton distances, J-coupling constants, which report
on dihedral angles, paramagnetic relaxation enhancement (PRE), which depends on
distances with respect to a paramagnetic center, and residual dipolar couplings (RDC),
which provide information on inter-nuclear orientation. Typically NOE measures interproton distances of less than 5 Å, J-couplings investigate nuclear spin interactions within
a few bonds away108-110 and PREs measure distances up to 20-30 Å from the
paramagnetic center.111 However, RDCs are unique and can provide relative orientation
among nuclear vectors regardless of the distance between them because they are
measured relative to the same molecular frame. Hence, this technique provides useful
information about protein structure that is not accessible via other methods.
In order to observe RDCs, it is necessary to induce a partial alignment of protein
molecules in the sample such that the ensemble-average of the molecular orientation of
the protein is no longer zero. In other words, partially aligned protein solution creates
anisotropy in molecular alignment. Under anisotropic conditions, a magnetic dipole33

dipole interaction does not average to zero. In the magnetic field, the direction of the
alignment of the protein molecules is termed as the alignment tensor frame. The degree
of the dipolar coupling depends on the external magnetic field, the inter-nuclear distance
as well as the angle between the inter-nuclear vectors. For two covalently bonded nuclei,
the inter-nuclear distance is fixed, and only the orientation dependence remains for the
dipolar interactions. A typical RDC experiment reports hundreds of RDCs within a
protein that relate to bond directions within the alignment tensor frame. These RDCSs
deliver orientation restraints for protein structure determination.
There are two approaches to create an anisotropic distribution for measuring
RDCs. One is by using the intrinsic asymmetry of magnetic dipoles within the protein
molecule itself to produce a weak alignment.112-113 This approach was originally used on
iron-binding proteins like cyanometmyoglobin.113 The other approach is to create an
anisotropic environment that can align the molecules using a chemically created
anisotropic matrix.114-118 As most proteins do not bind iron, this second approach has
become more popular.
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Figure 1.8

The coordinate system for the relationship between RDC inter-nuclear
vector AB and an arbitrary molecular frame (A), and the alignment tensor
frame (B)

A single AB bond vector in a protein carrying spin nuclei A and B, is represented using
an ellipsoid. B0 is an external magnetic field, φ is the angle between inter-nuclear vector
AB and the magnetic field. The polar angles θ and Φ are the spherical coordinates which
describe the orientation of the AB bond vector in this frame. βx,y,z represent the projection
angles of B0 onto each axis of a molecular frame.

In anisotropic medium, the dipolar couplings define the orientation of interaction
relative to the magnetic susceptibility tensor. The molecular alignment tensor A, can be
divided into an axially symmetric component 𝐴𝑎 and a rhombic component 𝐴𝑟 . The
magnitude and orientation of A is determined from measured dipolar couplings. 119
µ

3

3
𝐷𝐴𝐵 (𝜃, Φ) = S 4𝜋0 𝛾𝐴 𝛾𝐵 ℎ [𝐴𝑎 (3𝑐𝑜𝑠 2 𝜃 − 1) + 2 𝐴𝑟 𝑠𝑖𝑛2 𝜃𝑐𝑜𝑠2Φ] /4𝜋 2 𝑟𝐴𝐵

(1.37)

where, µ0 is the vacuum permeability, 𝛾𝐴 and 𝛾𝐵 are the gyromagnetic ratios of nuclei A
and B, respectively, h is Plank’s constant, 𝑟𝐴𝐵 is the distance between nuclei A and B and
θ and Φ are spherical coordinates describing the orientation of the AB vector in the
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principal axis system of A (Fig.1.8). Values for 𝐴𝑎 and 𝐴𝑟 depend on the shape of the
protein.
The alignment tensor can be described according to alignment magnitude,
rhombicity (𝑅ℎ ) and rotational angles or Euler angles. Euler angles are the orientation of
the alignment tensor in the frame of the PDB structure of the protein coordinates.
Alignment magnitude is defined as the probability of alignment, which ranges from 0.0
for a perfectly isotropic system to 1.0 for complete static alignment. Rhombicity is
defined as axial symmetry in the alignment, which varies from 0.0 for perfect axial
symmetry to 2/3. Euler angles are the orientation of with respect to the external magnetic
field. In most situations, these rotations relate the molecular frame to the alignment frame
using a rotation about X, Y, and Z. For a given 𝐴𝑎 and 𝐴𝑟 , the rhombicity is defined
𝐴

as 𝑅ℎ = 𝐴𝑟 .
𝑎

The dipolar coupling provides insight into the proximity of two nuclei by a
through-space interaction. Scalar coupling (or J-coupling), which is mediated by a
through-bonding interaction, can be confused with dipolar coupling. Dipolar coupling is
an additional coupling energy added the J-coupling energy. For normal RDC
experiments, two parallel samples are needed, identically prepared except for the
presence of an alignment medium. Two of the most common techniques of generating an
anisotropic medium apply flat lipid bilayers, called lipid bicelles,119-120 or filamentous
bacteriophage.116 The preferred degree of alignment (5-15 Hz) is small, because
significant line broadening can occur at higher degrees of alignment. An identical NMR
pulse sequence is applied to both isotropic and anisotropic samples to measure the J and
J + D values experimentally, the only difference is the presence of an alignment medium.
36

This difference produces the dipolar coupling 𝐷. Hence, any NMR pulse sequence
suitable for measuring 𝐽-couplings are also appropriate for measuring RDCs.
As shown in Fig. 1.10 B. a standard HSQC experiment without proton decoupling
during

15

N evolution produces an in-phase doublet in the nitrogen dimension, with a

separation of J+D. However this can cause peak overlap due to the doubling of number of
peaks. Hence, the accuracy will depend slightly on the linewidth. An approach called
IPAP (in-phase, anti-phase) returns the simplicity of measuring RDC by measuring
splitting, without doubling the number of peaks in the spectrum. This is accomplished by
obtaining two separate data sets for in-phase splitting and anti-phase splitting of the
resonances in the nitrogen dimension, for the scalar and dipolar coupling. As shown in
Fig.1.10. C and D, the addition of these two spectra provides a spectrum that comprises
only one of the doublets. Further, subtraction of the two spectra provides a spectrum
containing the other doublet. Thus, one NMR experiment will yield two separate spectra,
the first containing the upfield half of each doublet, and the second containing the
downfield half. The absolute value of 𝐽 + 𝐷 can be determined by measuring the distance
between each peak.
The most common applications of RDCs are structure validation and refinement.
Structure coordinates determined by X-ray crystallography or solution NMR can be
compared to RDC data by considering the corresponding bond vector directions within
the molecular frame. Any program can apply equations or a chi-squared minimization
technique or software such as PALES,121-122 REDCAT123 and DC can be used to carry out
the numerical fitting. The quality factor Q is used to quantify the agreement between a
structure and measured set of dipolar couplings.124 The expression for the 𝑄 factor is
37

given below;
𝑄=

𝑟𝑚𝑠(𝐷𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 −𝐷𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 )
𝑟𝑚𝑠 (𝐷𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑)

(1.38)

The 𝑄 factor reports an approximate average disagreement in percentage between the
measured and calculated dipolar coupling. Lower values (10-20%) represent better
agreement between the coordinates and the observed RDCs.

Figure 1.9

IPAP spectra for determining RDCs.

(A) A standard HSQC of a protein showing two well resolved peaks ‘a’ and ‘b’ with
proton decoupling during t1 in the pulse sequence. (B) The spectra acquired without
proton decoupling. (C) Anti-phase HSQC spectrum obtained from the same experiment.
(white ovals are negative peaks) (D) & (E) IPAP spectra.
RDCs can provide important information unobtainable by conventional relaxation
measurements on dynamic processes, both in proteins125-127 and in nucleic acids.128-130
RDC measurements can also be used to increase the accuracy of NMR structure
determination due to the long-range orientational information.131 RDCs may also deliver
information on internal motions in single-domain protein.132-134 Finally, they can be used
to determine the presence of inter-domain motions in multi-domain proteins.135-136 This
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makes RDCs an extremely valuable tool for the study of protein and nucleic acid
structure.
1.10

Overview of dissertation
The research presented in this dissertation involves studying how various

substrate sequences modulate the affinity and inter-domain dynamics of Pin1. Chapter 1
gives a brief introduction about PPIase enzymatic activity and Pin1 structure as the best
characterized PPIase. This chapter presents a brief description on the NMR experiments
used in this study to gain insight on binding affinities of different substrates, Pin1 interdomain dynamics and catalysis. The main method used in this analysis was NMR
titration to analyze the binding affinities (KD) in Chapters 2 and 3. 15N relaxation method
monitored the degree of inter-domain interactions in Chapters 2 and 3. Residual dipolar
couplings (RDCs) are used to confirm that the substrate can reduce the inter-domain
motion. Using 1H-1H EXSY NMR experiments, peptide sequences are investigated to
observe any alterations in catalysis (kEXSY) of Pin1.
This study attempts to answer several key questions regarding the interaction of
diverse substrate sequences with Pin1. In Chapter 2, Histone H1, a natural substrate
sequence for Pin1 protein, is used to understand how Pin1 interacts with different
phosphorylated sequences. Mechanistic studies like these, performed on novel Pin1
substrates, can potentially identify the molecular basis of substrate-initiated allosteric
control. The substrate binding and allostery are investigated using a series of H1
substrates (H1.1, H1.4, and H1.5) that were previously identified as important binding
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partners. Different binding affinities were observed for these peptides even though their
sequence and catalytic activity are similar.
In chapter 3, a series of chimeric peptides were designed based on a H1.4
sequence (KATGAApTPKKSAKW) from previous analysis that had the highest affinity.
The chimeric peptides were designed to modulate interactions of the H1.4 sequence to
gain insight on how residues flanking the phosphorylated site influence the binding
affinity, inter-domain dynamics and catalytic activity.
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CHAPTER II
MOLECULAR MECHANISM OF THE PIN1-HISTONE H1 INTERACTION
2.1

Introduction
Human Pin1 has been identified as a regulator of diverse cellular processes, such

as growth-signal responses, cell-cycle progression, cellular stress responses, immune
responses and neuronal function.53,137 Pin1 is a peptidyl-prolyl isomerase (PPIase) which
can catalyze cis-trans isomerization of the imide linkage between pSer/pThr and Pro in
the phosphorylated peptides.1,66 It has emerged as a novel molecular timer that controls
the amplitude and duration of a cellular process by modulating its multiple targets.
Deregulation of Pin1 can have an important role in a number of pathological conditions
such as cancer,137-139 Alzheimer’s disease,61,137,140 asthma,22 microbial infection,141 and
aging. Clinical studies suggest that increased serum Pin1 concentrations are associated
with the development of metabolic syndromes.142-143 In addition, recent findings have
identified increased expression of Pin1 in pancreatic β cells, where Pin1 is associated
with insulin secretion as well as β cell proliferation.144
Although Pin1 belongs to the parvulin class of PPIases, it possesses a dual domain
architecture composed of separate substrate binding WW and catalytic PPIase domains
(residues 1-39 and 50-163, respectively).37,145 A short flexible linker separates the two
domains, and they both independently recognize similar pSer/pThr-Pro motifs.
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Previous studies have determined that the WW domain is a non-catalytic binder
that increases local substrate concentration in subcellular localization.145-146 It has been
shown that the isolated PPIase domain has different substrate affinity and catalytic
activity than full length Pin1, suggesting that the WW domain can modify the substrate
binding and catalysis of the PPIase domain.5,10,137,147 A recent study discovered a Pin1
variant that can modulate inter-domain interactions, leading to allosteric control of
catalysis. This I28A variant weakens the inter-domain interactions and leads to altered
substrate binding affinity, isomerase activity and conformational flexibility of the PPIase
catalytic loop (residues 65-80). This altered flexibility of the catalytic loop was proposed
as the mechanism for allosteric enhancement.13 Previous solution NMR data has
demonstrated that inter-domain interactions between Pin1’s domains can either intensify
or weaken upon the binding of phosphopeptide substrates to the WW domain.6,9 Substrate
chemical structure is important for the selection of the mode of dynamic allostery via
inter-domain communication.7,10 An NMR relaxation study has shown that substrate
binding to the WW domain suppresses the ps-ns flexibility along an internal conduit of
hydrophobic residues connecting the catalytic site with the inter-domain interface.10
Another NMR study of Pin1/Tau interactions discovered catalytic activity of the PPIase
domain dependent on the phosphorylation motif bound by the WW domain,11-12 although
a recent study by Eichner, et al. casts doubt on the biological relevance of the Pin1-tau
interaction.148
In recent years, computational studies have indicated the disparate structural and
dynamic responses upon binding different ligands and the two pathways that mediate
inter-domain allosteric regulation in Pin1.5 The first pathway connects the WW domain
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with two catalytic loops via inter-domain interface. This pathway is thought to be
populated in apo-Pin1, but it remains dormant until binding at the WW domain completes
the second pathway, which triggers allosteric control for the third active site loop.
Another recent NMR study provided a new insight into the inter-domain allosteric
communication of Pin1.13 This study showed that the S138A mutation in the PPIase
domain rearranges residue-residue contacts near the mutation site, which in turn alters the
dynamics of the distal catalytic β1-α2 and α2-α3 loops. The rigidification of the α2-α3 loop
then stabilizes the hydrogen bond between C113 and H59, and this stabilization reduces
the isomerization rate by approximately 20%. Therefore, the S138A mutation mimics the
inter-domain interaction by mimicking the connection between the catalytic site and
inter-domain interface. These findings provided new insight into the inter-domain
allosteric communication of Pin1. However, many important questions about the nature
of inter-domain communication of Pin1 remain unanswered.
Substrates for Pin1 include regions from mitotic regulators (Cdc25, Myt1, Wee1,
Plk1, and Cdc27),54,66,149-150 the microtubule associating protein tau,151 p53-related
proteins preventing tumor development,152-153 RNA polymerase II,154 amyloid precursor
protein APP,36,155 and cytoplasmic polyadenylation element binding (CPEB1) proteins.156
The role of the WW domain upon binding with different substrates has long been studied,
but these results could not completely describe how the changes in substrate modulate the
conformational dynamics of Pin1.2,37,146,157 Many substrates of Pin1 contain multiple
pSer/Thr-Pro motifs, and this may suggest different mechanisms for the two functional
elements.
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Recently, Pin1 was shown to be capable of modifying the conformation of
phosphorylated histone H1 and stabilizing the chromatin-H1 interaction by increasing its
residence time.158 This study showed that Pin1 binds to histone H1 in a phosphorylation
dependent manner using fluorescence resonance energy transfer (FRET). Pin1 can alter
the conformation of phosphorylated H1 CTD when bound to nucleosome in vitro and
promote H1 dephosphorylation. The H1 Histones (H1.0-H1.5) each contain several
potential Pin1 recognition motifs. Both the N- and C- terminal tails of H1 histones
contain serine and threonine residues that are phosphorylated at different stages in the
cell cycle. This phosphorylation process is maintained by the action of different protein
phosphatases and Cdc2/Cdk2 kinases.159 This finding suggests that Pin1 may be
important for gene regulation via selective phosphorylation of histone tails.
In this study, we investigate substrate binding and allostery in a series of Pin1histone H1 substrates. Guided by previous work,158,160 we synthesized peptides
corresponding to relevant H1 phosphorylation sites (Fig. 2.1) which can act as substrate
for Pin1. In particular, we selected a region of H1.4 near Thr 145, which is
phosphorylated selectively during mitosis. A region of H1.5 near Ser 172 was also
chosen because of its phosphorylation during interphase. Finally, a region of H1.1 was
chosen based on a recent study suggesting an interaction with Ser 183.158 NMR
spectroscopy was used to measure the binding affinities of Pin1 with selected H1
sequences (H1.1, H1.4 & H1.5). Full-length Pin1 and truncation variants were studied,
and dynamics were characterized for binding to each substrate. We observe different KD
values depending on the histone binding site, suggesting that energetics play a role in
guiding the Pin1-histone interaction. Relaxation data reveals that bound Pin1 can behave
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as two independent domains connected by a flexible linker or as a single rigid molecule
depending on the histone H1 sequence. However, an investigation of isomerase activity
by exchange spectroscopy (EXSY) does not reveal significant evidence for allosteric
control. This suggests that control of allostery is complex in Pin1, present for some
substrates but not others, even when the inter-domain interactions are significant.

Figure 2.1

Peptide Sequences Used in this Study

(A) Sequence alignment of representative human histone H1 isotypes. Confirmed
phosphorylation sites are highlighted with an arrow (↓). The globular domain is shaded in
blue, and regions corresponding to peptide fragments are shaded in orange. (B) Peptide
sequences used in this study, along with their molecular weights and predicted net charge
at pH 7.
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2.2
2.2.1

Materials and methods
Unlabeled peptide and 15N labeled protein expression
Unlabeled peptides representing histone H1 (H1.1, H1.4 and H1.5, Fig. 1B)

phosphorylated at Ser or Thr residues were purchased from GenScript (Piscataway, NJ).
Peptide purity was confirmed by HPLC-MS and NMR spectroscopy. Phosphopeptide
concentrations were determined by measuring the UV absorbance at 280 nm after being
dissolved in buffer containing 20 mM HEPES and 100 mM NaCl at pH 7.5. Peptides (pH
7.5) were dialyzed in to the same buffer used for protein solutions.
To obtain 15N labelled Pin1 WW domain (Pin1WW, residues 1-41), PPIase domain
(Pin1PPI, residues 51-163), and full-length Pin1 (Pin1FL, residues 1-163), bacteria were
grown separately in M9 minimal media at 37 °C with

15

source.

1

Protein

expression

was

induced

with

NH4Cl as the sole nitrogen
mM

isopropyl

β-D-1-

thiogalactopyranoside (IPTG) at 0.5 OD600. After 4 hours, harvested cells were suspended
in the wash buffer (150 mM NaCl, 20 mM Tris, 20 mM Imidazole at pH 7.5). βmercaptoethanol (BME) at a final concentration of 5 mM BME was added for Pin1FL
with 0.5 mg/mL Lysozyme plus a tablet of protease inhibitor cocktail (Roche). Cell
debris was removed by centrifuging at 18,000 × g for 45 minutes and the supernatant was
passed through a 5 mL Nickel HisTrap FF column (GE Life Sciences) that was preequilibrated with the wash buffer. The bound protein was eluted with a 60 mL linear
gradient of elution buffer (wash buffer + 750 mM Imidazole). Uncleaved protein was
quantified, thrombin was added to the protein sample, and Pin1+thrombin was dialyzed
overnight into wash buffer. Thrombin was removed by adding 0.5 mL of benzamidine
sepharose beads (GE Life Sciences), and after removal of the beads by centrifugation, the
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cleavage tag was removed by reapplication of the protein to the nickel-NTA column.
Purified protein was passed through a gel filtration column (26/600 Superdex 75 pg)
equilibrated with gel filtration buffer (50 mM NaCl, 20 mM HEPES at pH 7.5, 5mM
EDTA).

For

full

length

Pin1,

a

final

concentration

of

1

mM

tris(2-

carboxyethyl)phosphone (TCEP) was added to all solutions.
2.2.2

NMR titration experiments

Unlabeled histone H1 peptides were titrated with
length Pin1 separately. The initial

15

15

N labelled WW domain and full

N labeled protein concentration was 100 μM, and

titration points were taken at unlabeled peptide concentrations: 0 μM, 29 μM, 87 μM, 196
μM, 297 μM, 479 μM and 637 μM. To facilitate measuring concentrations, all peptides
include an additional Tryptophan residue far from the phosphorylated Pin1 binding site.
For each titration point, a

15

N- 1H HSQC spectrum was collected. All experiments were

carried out at 25 °C on a Bruker AVANCE III 600 MHz spectrometer.
2.2.3

Dissociation constant calculation from NMR titrations
Unlabeled histone H1 peptides were titrated with

15

N Pin1WW and Pin1FL,

separately. Initial assignments were taken from Jacobs, et al.161 The initial

15

N labeled

protein concentration was 100 μM, and titration points were taken at peptide
concentrations of 0 μM, 29 μM, 87 μM, 196 μM, 297 μM, 479 μM and 637 μM. Peptide
concentrations were determined using the extinction coefficient calculated according to
Pace, et al.162 For each titration point, a

15

N-1H HSQC spectrum was collected. All

experiments were carried out at 25 °C on a Bruker AVANCE III 600 MHz spectrometer.
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Apparent equilibrium constants (𝐾𝐷 ) were determined by monitoring chemical shift
changes in 1H-15N HSQC spectra. Chemical shift perturbations were calculated using:
∆𝜐 = √(∆1 𝐻)2 + (0.17∆15 𝑁)2

(2.1)

The observed chemical shift perturbations for individual residues were fit to
equation 2.2 below with in-house fitting scripts to obtain dissociation constants of the
protein-peptide interactions:
∆𝜐 = (∆𝛿𝑓 )

[𝑃0 ]+[𝐿0 ]+[𝐾𝐷 ]−√([𝑃0 ]+[𝐿0 ]+[𝐾𝐷 ])2 −4[𝑃0 ][𝐿0 ]

(2.2)

2[𝑃0 ]

In this equation, P0 represents the total Pin1 concentration, L0 is the total peptide
concentration, ∆𝛿𝑓 is the difference in chemical shift between the free and bound state,
and KD is the dissociation constant.9 Errors in the fitting parameters were obtained by
taking the standard deviations of the parameters from individual fits of binding curves for
six well-resolved residues in the WW domain (K13, R14, G20, R21, S32 and E35).
2.2.4

Relaxation experiments
All NMR relaxation experiments (15N R1,

15

N R2 and 1H-15N NOE) were

performed at 25 °C on a Bruker AVANCE III 600 MHz spectrometer. NMR samples
with Pin1/substrates were prepared with 95% saturation. The apo-Pin1 relaxation data
was collected with 350 μM protein in the gel filtration buffer described above. 2D HSQC
and pseudo-3D HSQC relaxation experiments were used to collect

15

N 𝑅1 and

15

N 𝑅1𝜌

decays at 7 and 6 time points respectively (the 𝑅1 delays used were 100, 300, 500, 700,
800, 900, 1000 ms; the 𝑅1𝜌 delays were 5, 35, 65, 85, 95, 105 ms). The 𝑅1𝜌 spin lock
power was 2 kHz, and temperature compensation was used for both the 𝑅1 and 𝑅1𝜌
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experiments.163 15N 𝑅1 and 𝑅1𝜌 relaxation rates were calculated by fitting peak intensities
as a function of relaxation decay time, and 𝑅2 was calculated from 𝑅1 and 𝑅1𝜌 .164 The
1

H-15N heteronuclear NOE was measured as the ratios of the peak intensities with and

without proton saturation.165 Data for an average of 145 residues was collected out of the
total 163 residues for Pin1FL. The residues used to calculate overall correlation times are
listed in the Table 2.2. The program Tensor 2.0166 was used to calculate isotropic
correlation times.
2.2.5

1

H-1H EXSY experiments

The expression and purification process of Pin1FL and isolated Pin1PPI proceeded
as described above, and the samples were exchanged into NMR EXSY buffer (30 mM
imidazole-d4 (Cambridge Isotope Laboratories, Tewksbury, MA), 30 mM NaCl, 0.03%
NaN3, 1 mM TCEP, 100% D2O and pH 6.6). The histone H1 peptide stock was prepared
by dissolving the peptide powder in D2O to a final concentration 25 mM. Peptide samples
of the free ligands for NMR assignment were prepared by diluting stocks into the same
NMR EXSY buffer as Pin1/PPIase, to a final concentration 1 mM. The histone H1
peptides were assigned at 600 MHz using 1H-1H ROESY (Rotating frame nuclear
Overhauser

effect

spectroscopy)167

and

1

H-1H

TOCSY

(Total

correlation

spectroscopy).168
EXSY samples contained 10 µM freshly prepared protein (Pin1FL or Pin1PPI) in
the presence of 1 mM H1 peptide substrate. The two dimensional (2D) 1H-1H exchange
spectroscopy (EXSY)95 spectra were recorded using a Bruker standard NOESY-based
pulse scheme, along with a zero-quantum filter to remove artifacts.107 The spectra were
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recorded at 25 °C with exchange mixing times (tmix) of 12.5, 20, 30, 40, 60, 80, 100, 150,
200 and 300ms. EXSY spectra of 1 mM H1 peptide alone yielded no exchange cross
peaks, indicating very slow uncatalyzed cis-trans isomerization.

To estimate the

exchange rate constant, kEXSY, the ratio of exchange cross-peaks to the diagonal peak
corresponding to Pro-Hᵟ protons was fit as a function of mixing time using the equation
below (Eq. 2.3).
𝐼𝑐𝑡
𝐼𝑡𝑡

{1−exp(−(𝑘𝑐𝑡 +𝑘𝑡𝑐 )𝑡𝑚𝑖𝑥 )}𝑘𝑡𝑐

= {𝑘

(2.3)

𝑐𝑡+𝑘𝑡𝑐 exp(−(𝑘𝑐𝑡 +𝑘𝑡𝑐 )𝑡𝑚𝑖𝑥 )}

In the equation above, Ict is the intensity of exchange cross-peak and Itt is the
diagonal cross-peak of the major trans species. Where kct and ktc are two adjustable
parameters in fitting and the net exchange rate, kEXSY = kct + ktc. Uncertainties in the rate
constants were estimated by measuring kex for independently prepared samples.
2.3
2.3.1

Results
Despite similarities in sequence, different histone peptides exhibit
markedly different affinities when binding to Pin1
To quantify the binding of the histone peptides to Pin1, three different histone H1

peptides were titrated into samples containing Pin1. To monitor inter-domain association,
equilibrium constants were measured for both Pin1FL and Pin1WW. The addition of
peptides causes chemical shift changes for several residues in

15

N-1H HSQC (Fig. 2.2).

The residues which displayed the largest chemical shift changes (R14, K13, Q33, N26,
R21, G20, E35, and S32) were used to determine the dissociation constants for three
different H1 peptides (Table 2.2).
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Figure 2.2

Interaction between Pin1WW and the histone H1.4 peptide

(A) Overlays of 15N-1H HSQC spectra of 15N labeled Pin1WW domain titrated with
H1.4. H1.4 peptide concentrations were 0 (red), 30, 87, 196, 297, 479, and 637 (gray) µM
and 100 µM Pin1WW. (B) Selected chemical shift changes between the free (red) and
bound (gray) states for residues Q33, K13, R21 and G20. (C) Composite chemical shift
changes as a function of peptide concentration. The data were fit to yield the dissociation
constant KD 111 ± 5 µM (average ± standard deviation).
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The titration experiments demonstrate that binding affinities vary significantly
between histone H1 peptides. This is surprising given the similarities between the
sequences: all of them have a similar net charge and would appear to be strong candidates
for Pin1 binding. Moreover, the presence of the PPIase domain can both decrease (H1.4,
H1.5) and increase (H1.1) the affinity of binding to the WW domain. When binding
occurs, almost all residues in the WW domain are affected, indicating that the histone H1
peptide binding is associated with conformational changes in the WW domain (Fig. 2.3).9
In all the complexes, the affected residues of the WW domain are located at the
beginning of the first β-strand (E12 & K13) and also residues at the end of the third βstrand (S32, Q33, W34 and E35). The Y23-W34 aromatic pair of the WW domain also
shows significant chemical shift changes. This suggests restructuring of interactions in
the hydrophobic core of the WW domain, as has been suggested for other WW-peptide
interactions.169 The pattern of chemical shift changes in WW domain is similar for all
Histone sequences, even those with comparatively weak binding, indicating a unique
binding scheme for Pin1WW to its multiple histone substrates.170 The H1 peptides can be
ordered by the size of the observed chemical shift changes in the WW domain as H1.4 >
H1.1 > H1.5, and the observed KD values follow the same pattern (Table 2.1).
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KATGAApTPKKSAKW

KVAKpSPKKAKAW

H1.4

H1.5

b

See text for details.
Not determined.

KKAVKpSPAKAKAW

H1.1

a

Sequence

111 ± 5

890 ± 130

Pin1WW

2600 ± 700 1600 ± 300

180 ± 40

500 ± 100

Pin1FL

KD (µM)

Physical parameters for Pin1-Histone H1 peptide

Name

Table 2.1

Pin1PPI

5.8±0.1 5.8±0.1

5.5±0.1 5.6±0.1

6.2±0.1 6.0±0.1

Pin1FL

kEXSY (s-1)

NDb

0.60

0.81

Interdomain
Association
Parameter
(x)a

As seen in Fig. 2.3, significant chemical shift changes in Pin1FL are observed
only for the binding of H1.4. Based on the hypothesis proposed by Verdecia et al.,157 full
length Pin1 should yield higher apparent affinities for different substrates based on the
stabilization of the WW domain by interaction with the PPIase domain. For histone H1
peptides, however, the amide chemical shift perturbations in full length Pin1 upon
binding each of the H1 peptides are quite variable. The only chemical shift changes in the
PPIase domain were in the loop between α4 and β6 (F139, A140, L141, R142, and S147).
This region has been implicated in inter-domain interaction, and it sits along the interface
between Pin1PPI and Pin1WW.6 While all three peptides perturb this interface, H1.1 is the
only peptide that shows stronger apparent affinity for the Pin1FL protein. Energetically,
this suggests that the interaction interface stabilizes the interaction with H1.1, whereas
the interface destabilizes the interactions with H1.4 and H1.5. As discussed in Jacobs, et
al.,9 three types of physical interactions can induce strong chemical shift perturbations
within the WW domain; (1) peptide binding to the small β sheet, (2) conformational
changes of this β sheet after binding, and (3) direct or indirect contact of the WW domain
with the catalytic domain. Since H1.5 binds very weakly to full length Pin1, small
chemical shift changes in the PPIase domain likely are caused purely by weak interdomain interactions. The other peptides may have contributions from all three factors.
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Figure 2.3

1

H-15N chemical shift differences between Pin1FL (black) and Pin1WW (red)

Pin1 complexed to (A) H1.1 (B), H1.4 and (C) H1.5 peptides are shown. Chemical shift
perturbations are shown for a total peptide concentration of 640 µM.
2.3.2

Binding affinity is not a good predictor of Pin1 inter-domain interactions
for histone H1 peptides
To analyze the relative mobility of Pin1’s two domains, relaxation

measurements,15N R1, R2 and heteronuclear 1H-15N NOE were recorded for apo-Pin1 and
histone H1-bound Pin1 (Fig. 2.4). While inter-domain interactions for Cdc25 and Pintide
have been thoroughly investigated, 6 this is the first analysis of histone H1 as a substrate
for Pin1.
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To ensure Pin1/histone H1 complexes were at 90%-95% saturation, we used the
KD values determined above to calculate concentrations for sample preparation. The H1.5
peptide was not used in relaxation experiments due to its low affinity for Pin1.

1

H-15N

NOE data revealed that, for all samples, the PPIase and the WW domains are well
structured, and both domains tumble somewhat independently, whereas the linker
remains flexible in all cases (Fig. 2.4). Similar results for the 1H-15N NOE have been
obtained for many different Pin1 substrates.9,156 Flexibility of the linker is not
significantly affected by the addition of histone H1 peptides. This data supports the
hypothesis that the linker loosely connects the WW and PPIase domains but does not
strongly interact with the domains or the bound peptides.9
Previous

15

N R1 and R2 measurements have shown that the two flexibly linked

domains of Pin1 can behave both independently or as a single, associated unit.3,9,171 This
is similar to calmodulin, which also contains two flexibly connected domains.172 In our
study, we followed the established approach of Jacobs to estimate the overall interdomain association of the WW and PPIase domains based on their apparent rotational
correlation times (τc ) in the free and H1 bound states (Table 2.2). Rotational correlation
times were calculated using the program Tensor 2.0 (ignoring both internal and
anisotropic motions). Residues displaying considerably different R2/R1 ratios than the
average values in secondary structure elements, as well as residues with considerable
internal motions, were omitted from the calculations. The estimated correlation times
were then converted to an inter-domain interaction parameter (x). In this analysis, a value
of 0 for x corresponds to rotational diffusion where each domain tumbles at its 𝜏𝑐 in
isolation (i.e., a truncated construct), and a value of 1 for x corresponds to both domains
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tumbling together as a rigid sphere, each having the same 𝜏𝑐 . Intermediate values of x
correspond to a system where Pin1 samples an ensemble of collapsed states, leading to an
observed average of the individual domain 𝜏𝑐 values.

Figure 2.4

15

N relaxation data of apo-Pin1 (black), Pin1+H1.1 (red) and Pin1+H1.4
(green).

The 1H-15N NOE data (A) show that the linker is flexible in all samples, while the two
domains are well structured. Backbone 15N longitudinal relaxation rates (R1, B), and 15N
transverse relaxation rates (R2, C). R2 values have been determined from R1 and R1ρ by
correcting for the 2 kHz spin lock field.164
Previous studies have shown that, in apo-Pin1, inter-domain association leads to a
value of 0.47 for x.9,171 Binding substrates can then either increase or decrease the
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interaction parameter. For example, the inter-domain interaction parameter decreases to
0.43 when Pin1 binds to Cdc25 peptide, suggesting that this peptide reduces domain
interaction and that the domains behave more independently. Other peptides can
significantly restrict motion, leading to higher values for x.
Comparing the correlation times of apo-Pin1 with those of the H1 peptide bound
states, the 𝜏𝑐 value of apo-Pin1 is similar to the Pin1+H1.4 complex, resulting in a similar
inter-domain interaction parameter of 0.6 (Table 2.2). The complex formed with the H1.1
peptide, however, shows a much larger degree of interaction, with a value of x of 0.8.
This evidence suggests that H1.1 significantly restricts the flexibility of two domains,
similar to the Pintide peptide used in the Jacobs analysis.9 The chemical shift
perturbations for residues at the inter-domain α4/β6 region (e.g., F139, A140, L141, R142,
and S147) are not large when H1.1 is bound (Fig. 2.3), but this does not necessarily mean
that inter-domain interaction does not occur upon binding. For example, the largest
chemical shift perturbations in this region are observed when the inter-domain interaction
is removed entirely by deletion of the WW domain.7 Moreover, the Pintide peptide, with
a high interaction parameter 𝑥 ≈ 0.8, shows a relatively modest chemical shift
perturbation in this region compared to the Cdc25 peptide, which has 𝑥 ≈ 0.4.9 By using
a spin-lock field of 2 kHz, our measurements should eliminate exchange contributions to
R2 slower than ~80 µs.173 This means that the calculated 𝜏𝑐 values should be free of
exchange contributions in the μs-ms range that might otherwise artificially increase the
inter-domain interaction parameter.10
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Table 2.1

Construct

Apo Pin1

Selected
residues
from
WW
domain
11, 12, 14,
24, 25, 26,
31, 32,33,
34
11-14,
20, 24-27,
29,31-33,
35

Pin1+
H1.4

11-13, 20,
23,25-29,
31-33, 35

Pin1+
H1.1
a

Inter-domain interaction parameters of Pin1 bound to histone H1

Selected residues from PPIase
domain
60,64-67,74,77,78,90,91,93,94,
98,101,104,105,108,112,113,
115,116,120-122,125,126,129,
131,134-136,141,142,144148,150,151,157,163
60,61,63-66,78,8184,8688,90,91,93-98,101,105,
108,111-113,115,116,
121-126,128,129,131,134-136,
138,139,141,142,157-160,163
60,63-65,78,81,82,84,87,90,
91,94,98,105,108,110,116,119,
121,126,128,129,131,134136,138,142,144,145,150,158163

τc (ns)
xa
WW

PPI

7.79±0.02

10.57±0.01

0.57

7.98±0.02

10.68±0.02

0.60

8.79±0.02

11.92±0.03

0.81

x: Calculated inter-domain interaction parameter
The actual values of 𝜏𝑐 observed for Pin1 were 𝜏𝑐,𝑊𝑊 = 8.8 ns and 𝜏𝑐,𝑃𝑃𝐼 = 11.9

ns. These are larger than expected given the size of Pin1 protein (18 kDa),10,174 and this
effect has been observed in previous NMR studies of Pin1.10 Since the high 𝜏𝑐 values
may reveal residual protein aggregation (which could also influence x), we repeated R1
and R2 measurements of the sample containing H1.1 at a three-fold lower Pin1
concentration (0.1 mM). The H1.1 concentration was adjusted to maintain 95%
saturation. The effect on the observed 𝜏𝑐 values was small and within the experimental
uncertainty.
The high value for x for the H1.1 peptide, its resilience to dilution effects, the
similar chemical shift behavior to that observed for the Pintide peptide, and the use of
𝑅1𝜌 to remove μs-ms contributions to exchange, are all consistent with a higher degree of
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inter-domain interaction when Pin1 is bound to this peptide. This result may seem
surprising at first, given the weak overall affinity of Pin1FL for H1.1. However, while the
interaction may be less thermodynamically favorable than the affinity for H1.4, once
binding is saturated, it is not unreasonable to expect the molecular dynamics to differ
depending on the specific interactions between Pin1 and its substrate. This can be seen by
comparing the affinity of Pin1FL to that of Pin1WW for the H1.1 peptide: Binding is
stronger in Pin1FL, suggesting a greater interaction between the domains when both are
present. H1.4, on the other hand, binds tightly to Pin1WW, but the presence of the PPIase
domain makes binding thermodynamically slightly less favorable. Correspondingly, the
inter-domain interaction parameter x is unperturbed for H1.4 compared to the apo state.
Thus, it is important to note that the thermodynamic determinants of binding, and the
dynamic behavior of the two domains once binding is saturated, need not be strictly
correlated. This is especially true if structural rearrangement occurs upon binding, which
is suspected to occur for many of Pin1’s substrates.
2.3.3

No allosteric activation is observed for histone H1 peptides
The first indication of allosteric activation in Pin1 came from a series of cis- and

trans-locked inhibitors, designed by Etzkorn and co-workers.175-176

These inhibitors

differentially bound to the PPIase domain of Pin1, and later studies identified that
chemical shift perturbations in the WW domain differed depending on which substrate
was used.8 This suggested that an allosteric pathway might exist whereby binding at the
WW domain influences activity in the PPIase domain. This behavior was later confirmed
using 2-D NMR 1H-1H EXSY, where the exchange rate constant, kEXSY can be measured
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by fitting an equation to cis-trans exchange cross peak intensities. The isolated PPIase
domain presented somewhat higher catalytic activity than full length Pin1 for both the
pCdc25C and FFpSPR peptides.4,8 Another investigation on Pin1 and a peptide derived
from amyloid precursor protein (APP) interaction revealed a modestly lower kEXSY value
for the isolated PPIase domain than full length Pin1.46 Other studies have suggested a
contradictory trend in allosteric control. For example, an early study by Lu et al. found
slightly decreased catalytic activity for the isolated PPIase domain compared to full
length Pin1.146 Another recent study on Pin1 and Tau revealed that the turnover
efficiency was independent of the presence of the WW domain for the peptide studied.148
Clearly, the question of allosteric control is unsettled, and recent computational studies
suggest that the substrate sequence can either activate or deactivate inter-domain
communication.177-178
We examined the allosteric effect of the peptide binding by monitoring the
difference between kEXSY rate constants in the presence and absence of the WW domain.
For each Pin1/PPIase-H1 construct, kEXSY was determined for cis-trans isomerization of
the Pro-1Hᵟ protons of histone H1 peptides in the presence of catalytic amounts of Pin1
(Fig. 2.5, Table 2.1). Interestingly, while histone H1 sites bind to Pin1 with different
binding affinities, the histone H1 peptides each have very similar kEXSY rates. In addition,
no allosteric activation or inhibition is observed when comparing the rates for Pin1FL and
Pin1PPI. Thus, histone peptides appear to be most similar in their behavior to peptides
derived from the Tau protein, where no allosteric activation is observed.148 Overall, the
H1.1 peptide yields a slightly higher catalytic rate compared to the other two substrates,
but all three rates are similar.
61

The slow exchange behavior needed for EXSY experiments at 600 MHz is
sensitive to the enzyme:substrate ratio as well as the total substrate concentration, and the
concentrations used in our measurements are lower than those previously reported.6,10 To
confirm whether we could observe allosteric activation at these lower concentrations, we
measured the catalytic activity for Pin1 and FFpSPR103 with an enzyme:substrate ratio
1:200 (1mM peptide with 5µM Pin1FL or Pin1PPI). The extracted exchange rates were
kEXSY = 29.6 s-1 and 31.2 s-1 for Pin1FL and Pin1PPI, respectively. This difference is
smaller than previously reported, reflecting the lower enzyme concentration used in our
work, but it reflects the previously observed trend, and the difference in kEXSY is bigger
than what was observed for any of the histone H1 peptides.
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Figure 2.5

2D 1H-1H EXSY cis-trans exchange cross peaks of the substrate histone
H1.4 peptide in the presence of Pin1PPI

(A) 2D 1H-1H EXSY cis-trans exchange cross peaks of the substrate histone H1.4 peptide
at 1mM, 25 °C and 600 MHz in the presence of 10µM Pin1PPI for a 300 ms mixing time.
The Pro Hδ protons are labeled. (B) 1H-1H EXSY build-up curve of Pro-Hᵟ protons of
1mM H1.4 peptide in the presence of 10 µM Pin1PPI. The vertical axis represents the ratio
of intensity of cis to trans exchange cross peak (Ict) over that of the trans diagonal peak
(Itt). Filled squares are the data points, and the red line is best-fit curve using equation
(2.3).
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2.4

Discussion
In this study, we used NMR to explore a novel interaction between Pin1, a

phosphorylation-specific prolyl isomerase, and three phosphorylated peptides derived
from H1 Histones. Raghuram and coworkers showed that Pin1 binds to H1 Histones in a
phosphorylation dependent manner.158 Their study included FRET data and indicated that
Pin1 could directly alter the conformation of phosphorylated, but not dephosphorylated,
H1 when bound to nucleosomes. Pin1 was also shown to promote the dephosphorylation
of H1 histones, similar to what is observed in Cdc25 and Tau proteins,147 and the absence
of Pin1 led to reduced H1 retention on chromatin. Here, we sought to investigate the
molecular mechanism of the Pin1-histone H1 interaction with respect to inter-domain
association, binding equilibria, and allosteric activation. The peptides used all contained
the sequence (T/S)PXZ, where X is any amino acid and Z is a basic amino acid,179 and all
sequences were identified as being phosphorylated in various stages of the cell
cycle.160,180-181
When full length Pin1 (Pin1FL) and its two isolated domains (Pin1WW and Pin1PPI)
were studied in the presence of these three phosphorylated histone H1 peptides, the
observed dissociation constants varied, supporting the observation that Pin1 interacts
with some histone H1 sites but not others. This is true despite their high sequence
similarity and similar overall net charge. The measured dissociation constants (KD) range
from 180-2500 μM for full length Pin1 and 110-1500 μM for the WW domain (Table
2.1). The dissociation constants are weaker than many other Pin1-peptide complexes,
which have been observed to have KD values between 5- 80μM.157 In addition, the
peptide predicted to be most relevant physiologically (H1.1),158 exhibited a fairly weak
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affinity of 500 μM, of the same order of magnitude as the KD obtained for the tauSH
peptide.148 While the H1.1(pSer183) and H1.5(pSer173) sites analyzed in this study have
fairly low affinity toward Pin1FL and Pin1WW, the H1.4 peptide, which was not directly
investigated by Raghuram and coworkers, showed the strongest interaction with Pin1.
Taken together, our data suggest that in vitro binding affinities are currently a
poor predictor of physiological relevance for Pin1 interactions. For tauSH, a KD of ≈ 200
μM measured by ITC is sufficiently weak that the interaction with Pin1 is thought to have
only marginal importance,148 but here, we find that a KD of 500 μM is apparently
sufficient to alter histone lifetimes in the cell.158 This discrepancy may be due to several
factors. First, depending on the conditions in the cell, Pin1 may be able to interact with
substrates even when its affinity for those substrates is low. Pin1 is imported into the
nucleus,182 and its local concentration there may be sufficiently high to interact with
weakly-associating histones. Second, quinary interactions (molecular crowding and local
interactions within the cell)183-184 may alter the equilibrium constants, leading to
differences between in vivo and in vitro affinities. Crowding agents are known to
modulate binding in Pin1,185 and Pin1 activities are very sensitive to factors like pH and
ionic strength.2,186 Therefore, it is highly likely that actual affinities in the cell are
different from those measured by ITC and NMR in vitro. These additional considerations
complicate predictions of Pin1-substrate affinity and relevance for substrates in vivo.
Even when affinities are weak, studying Pin1-substrate interactions can lead to
worthwhile results. As noted above, studies that systematically investigate substrate
binding are sorely needed, because our current ability to predict meaningful interactions
is poor. Moreover, studies with weakly binding peptide substrates can help probe the
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generality of claims regarding inter-domain association and allostery. In this case, a
weakly binding peptide (H1.1) induced a high degree of inter-domain association,
contrary to initial expectations, while the more tightly bound peptide (H1.4) did not lead
to association. PPIase activity was observed for all three substrates, although no evidence
for allostery in these peptides was observed. It seems likely that the substrate sequence
itself encodes for allosteric control through a mechanism that is not yet clear. Mechanistic
studies like these, performed on novel Pin1 substrates, can potentially identify the
molecular basis of substrate-initiated allosteric control.
While the presence or absence of ionizable residues is an attractive approach to
interpreting Pin1 substrate specificity,2,186 other factors must be important in the series of
peptides studied here. This follows from the similarity of peptide sequences investigated.
The net charge of the H1.4 peptide is +4, compared to +5 for both H1.1 and H1.5.
Immediately surrounding the phosphate group (within ± 3 residues), the local charge is
+2 for H1.1 and H1.4, and +3 for H1.5 (Fig. 1). Since H1.5 binds much more weakly
than either H1.1 or H1.4, overall charge of the peptide appears to be a better predictor of
affinity than ionizable residues immediately flanking the pSer/pThr-Pro site. Other
residues are also likely important. For example, the H1.4 peptide contains an Ala residue
at the -1 position, whereas H1.1 and H1.5 have a Lys residue at this site. H1.4 and H1.5
are also more hydrophobic at the -3 position (Val), compared to H1.4 (Gly). Steric
repulsion may also play a role for this position. This analysis suggests that residues
relatively far from the target site might influence association and inter-domain dynamics
in Pin1. The influence of both electrostatic and hydrophobic interactions appears to
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extend well beyond pSer/pThr-Pro site, suggesting that short peptides (< 8 residues) may
not be sufficient to understand Pin1’s overall behavior.
To summarize, we compared how inter-domain mobility, catalysis, and binding
differed in Pin1 for three different histone H1-derived peptides. The H1.4 peptide binds
tightly without altering inter-domain flexibility, whereas H1.1 binds weakly but appears
to strengthen the inter-domain interactions. This behavior is consistent with comparisons
of binding affinities in Pin1FL vs Pin1WW. Our findings indicate that Pin1 catalysis on
histone H1 is slower than on the other Pin1 substrates such as FFpSPR and Cdc25c, and
no allosteric enhancement was observed for any of the peptides examined. Together, our
results suggest a complex picture of Pin1-substrate interactions, where the relationship
between primary substrate sequence, inter-domain mobility, and binding is not easily
predicted. We observe vastly different binding affinities for these peptides, even though
their sequences and catalytic activities are similar. In the long term, we believe that these
studies will help to reveal not only the specifics of the Pin1-histone H1 interaction, but
also how Pin1 interacts with its substrates in general.
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CHAPTER III
RESIDUES AROUND PHOSPHORYLATED SITES INDUCE LARGE-SCALE
CHANGES IN AFFINITIES AND INTER-DOMAIN MOBILITY IN HUMAN PIN1
3.1

Introduction
Phospho-serine/threonine-proline (pSer/Thr-Pro) motifs are signaling sites within

intrinsically disordered regions of cell cycle proteins. The imide bond between a
phosphorylated site (pSer/pThr) and Pro residues can spontaneously rearrange into either
the cis or trans conformation, but the transition state energy barrier for the cis/trans
isomerization is greater than 88 kJ/mol, which significantly slows the timescale of
isomerization. Pin1 is a peptidyl-prolyl isomerase (PPIase), which can catalyze the cistrans isomerization of phosphorylated peptides containing pSer/pThr-Pro motifs.
Substrates for Pin1 are proteins that is recognized by the monoclonal antibody MPM-2,
including the important mitotic regulators, (Cdc25, Myt1, Wee1, Plk1, and
Cdc27)54,66,149-150 microtubule associating protein tau,151 p53 like proteins preventing
tumor development,152-153 RNA polymerase II,154 amyloid precursor protein APP,36,155
Cytoplasmic Polyadenylation Element Binding (CPEB1) proteins,156 and more recently,
Histone H1.158 Deregulation of Pin1 in multiple levels of the cell cycle has an important
impact in a growing number of pathological conditions, such as cancer,137-139 Alzheimer’s
disease (AD),61,137,140 asthma,187 microbial infection,141 and aging. Clinical studies have
suggested that the serum Pin1 concentrations are highly correlated with the development
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of metabolic syndromes.142-143 In addition, recent findings identified increased expression
of Pin1 in pancreatic β-cell associated with insulin secretion as well as β-cell
proliferation.144

Although Pin1 belongs to parvulin class of PPIases, it possesses a dual domain
topology composed of separate substrate binding and catalytic domains (WW domain,
residues 1-39; PPIase domain, residues 50-163).37,145 The two domains are connected by
a short flexible linker (residues 40-49). Because Pin1 has two separate domains that can
recognize identical substrate sequences, yet have distinct functions, research has explored
the possibility that the two domains interact with each other.3-7 Although the structural
and thermodynamic details of the substrate binding to the Pin1-WW domain have been
studied intensely for several ligands, characterization of the binding specificities has not
been elusive. The hydrophobic cavity of the WW domain and the hydrophobic face of the
PPIase domain form a common region of substrate recognition, and the cavity presents a
largely hydrophobic surface.2

Analysis of the Pin1 binding sites showed the considerable variability of the
residues at the positions around the Ser/Thr-Pro motif.188 A sequence analysis of Pin1
binding sites for 71 proteins was used to develop a frequency chart of amino acids
oriented at the Ser/Thr-Pro motif. This chart revealed common sequence characteristics
of Pin1 sites, and neighboring residues were found to be mostly proline, serine, leucine,
and alanine.188 However these results differ significantly from the optimized high-affinity
recognition motif, which is (W/F/Y-F/I-Y/R/F/W-pS-P-R/F/Y/W-L/I) and was identified
using a peptide library.66 The strong preference for aromatic amino acids is not readily
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apparent in the actual Pin1 binding sites. This could be explained by the vastly different
signaling processes in which Pin1 is involved, such as cytoskeletal organization,
apoptosis, transcription and RNA processing, growth and cell cycle, and host-pathogen
interactions.188 The Pin1 binding site must also be phosphorylated by a variety of
different kinases, meaning that the control of binding is not strictly dependent on Pin1
recognition. In the same way, Pin1 shares its binding site with the phosphatases, and this
also will influence physiologically relevant interaction sites. Therefore, in order to
coordinate its action with multiple signaling pathways, Pin1 must have flexible sequence
requirements.
Although the WW and PPIase domains of Pin1 bind to the same pSer/Thr-Pro
motifs, the structure of these domains with peptides or peptide inhibitors have different
bound peptide conformations. The extended peptide backbone induces a small bend when
bound to the WW domain,157 whereas a non-natural peptide inhibitor bound to a PPIase
active site has a type-I β-turn conformation.43 The carbonyl oxygen of the pSer/pThr and
the amino hydrogen of the amino acid in the C-terminal remain at the +1 position of the
proline to form the intramolecular hydrogen bond. However, a three-dimensional view of
the WW domain binding interface shows a contact surface that can recognize a maximum
of five consecutive peptide residues (Figure 3.1.A. and B.).157 In short, the influence of
the residues flanking the phosphorylated site on catalytic activity, binding affinity, and
domain collapse is still not clear.
Previous studies have suggested that the WW domain is primarily involved in
increasing local substrate concentration in subcellular localization.145-146 The isolated
PPIase domain has a different substrate affinity and catalytic activity than full length
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Pin1, and there is evidence that the WW domain can modify substrate binding and
catalysis of the PPIase domain.5,10,146 Previous solution NMR data demonstrated the interdomain interactions of apo-Pin1 can either intensify or weaken upon the binding of
phosphor-peptide substrates to the WW domain.6,9 Substrate chemical structure is
important for the selection of the mode of dynamic allostery via inter-domain
communication.7,10 A recent study used the I28A variant of Pin1 to investigate allosteric
interaction between two domains. This variant weakens the inter-domain interactions that
alter the substrate binding affinity, the isomerase activity, and the conformational
flexibility of the PPIase catalytic loop (residues 65-80). It was found that the reduced
inter-domain contact could allosterically enhance the isomerase activity.7 In recent years,
computational studies have examined the disparate structural and dynamic responses
upon various ligand binding and two pathways that mediate inter-domain allosteric
regulation in Pin1.5,189 The substrate binding to the WW domain alone results in closure
and rigidification of the catalytic site (β1-α1 loop) and the region around the catalytic site
(β5-α4 and β6-β7 loops). This is the direct evidence for the allosteric communication
between the two distant binding sites. The first path starts from the backside of the WW
domain and propagates through the inter-domain interface and the PPIase domain core to
the β5-α4 and β6-β7 loops. The second path starts from the front pocket of the WW
domain and propagates through the bound substrate and the α1 helix of the PPIase to the
catalytic loop. These two pathways propagate the allosteric signal from WW domain to
the PPIase catalytic site. Another recent study has provided a new insight into the interdomain allosteric communication.13 This study showed that the S138A mutation in the
PPIase domain causes rigidification of α2-α3 loop, stabilizing the hydrogen bond between
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C113 and H59 in the hydrogen bonding network. This stabilization reduces the
isomerization rate by approximately 20%. This is a dramatic change in catalysis, and
understanding how substrates can influence activity in Pin1 is an important unanswered
question.
The role of WW domain upon binding with different substrates has been studied
for many years.2,37,146,157 However, to date systematic studies of substrate sequence vs.
activity have been comparatively few. Analysis of how substrate sequence influences
binding and activity may provide a better understanding of the mechanism between
substrate binding and the catalysis of Pin1. In this study, we report a series of chimeric
peptides that was designed to modulate binding across the inter-domain interface of Pin1
(Figure 3.1.C.). The peptide series was designed based on collection of histone H1
peptides analyzed in Chapter II. To examine the differences in peptide binding affinity,
NMR titrations were used to extract the binding affinity (𝐾𝐷 ) values to gain insight into
the contribution of various residues on the substrate binding affinity. We also analyzed
15

N relaxation rates using the Lipari-Szabo approach, obtaining a measure for inter-

domain interaction. Our results reveal that substrate interaction causes substantial
changes in the domain interaction. Additionally, residual dipolar couplings (RDC)
provide support that substrates can reduce inter-domain motion. When combined with
molecular modeling, our results suggest a structural basis for how substrate binding can
alter the domain interaction. Finally we tested Pin1 catalysis on all chimera sequences
using 1H-1H EXSY NMR experiments. Interestingly, catalysis rates for the different
substrate sequences were quite similar, even for those that decreased inter-domain
interaction.
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Figure 3.1

Peptide Sequences Used in this Study

(A). Ribbon diagram of the Pin1WW domain (brown) bound to CTD (YpSPTpSPS) and
(B). Pin1PPI domain (light blue) bound to CTD. Inter-domain interface residues are shown
in dark blue color. (C) Peptide sequences used in this study.
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3.2
3.2.1

Materials and methods
Unlabeled peptide preparation and 15N labeled protein expression
Unlabeled peptides H1.4, H1.41, H1.42, and H1.43 (Fig. 3.1.C.), phosphorylated at

Thr residues were purchased from GenScript (Piscataway, NJ).

Peptide purity was

confirmed by HPLC-MS and NMR spectroscopy. Phosphopeptide concentrations were
determined by measuring the UV absorbance at 280 nm after being dissolved in buffer
containing 20 mM HEPES and 100 mM NaCl at pH 7.5. Peptides (pH 7.5) were dialyzed
in to the same buffer used for protein solutions.
To obtain 15N labelled Pin1 WW domain (Pin1WW, residues 1-41), PPIase domain
(Pin1PPI, residues 51-163), and full-length Pin1 (Pin1FL, residues 1-163), bacteria were
grown separately in M9 minimal media at 37 °C with

15

source.

1

Protein

expression

was

induced

with

NH4Cl as the sole nitrogen
mM

isopropyl

β-D-1-

thiogalactopyranoside (IPTG) at 0.5 OD600. After 4 hours, harvested cells were suspended
in the wash buffer (150 mM NaCl, 20 mM Tris, 20 mM Imidazole at pH 7.5). βmercaptoethanol (BME) at a final concentration of 5 mM BME was added for full length
Pin1 with 0.5 mg/mL Lysozyme plus a tablet of protease inhibitor cocktail (Roche). Cell
debris was removed by centrifuging at 18,000 × g for 45 minutes and the supernatant was
passed through a 5 mL Nickel HisTrap FF column (GE Life Sciences) that was preequilibrated with the wash buffer. The bound protein was eluted with a 60 mL linear
gradient of elution buffer (wash buffer + 750 mM Imidazole). Uncleaved protein was
quantified, thrombin was added to the protein sample, and Pin1+thrombin was dialyzed
overnight into wash buffer. Thrombin was removed by adding 0.5 mL of benzamidine
sepharose beads (GE Life Sciences), and after removal of the beads by centrifugation, the
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cleavage tag was removed by reapplication of the protein to the nickel-NTA column.
Purified protein was passed through a gel filtration column (26/600 Superdex 75 pg)
equilibrated with gel filtration buffer (50 mM NaCl, 20 mM HEPES at pH 7.5, 5mM
EDTA).

For

full

length

Pin1,

a

final

concentration

of

1

mM

tris(2-

carboxyethyl)phosphone (TCEP) was added to all solutions.
3.2.2

NMR titration experiments

Unlabeled histone H1 peptides were titrated with

15

N Pin1WW and Pin1FL, separately.

Initial assignments were taken from Jacobs, et al.9 The initial

15

N labeled protein

concentration was 100 μM, and titration points were taken at peptide concentrations of 0
μM, 29 μM, 87 μM, 196 μM, 297 μM, 479 μM and 637 μM. Peptide concentrations were
determined using the extinction coefficient calculated according to Pace, et al.162 For
each titration point, a

15

N-1H HSQC spectrum was collected. All experiments were

carried out at 25 °C on a Bruker AVANCE III 600 MHz spectrometer. Apparent
equilibrium constants (𝐾𝐷 ) were determined by monitoring chemical shift changes in 1H15

N HSQC spectra. Chemical shift perturbations were calculated using equation 3.1.
∆𝜐 = √(∆1 𝐻)2 + (0.17∆15 𝑁)2

(3.1)

The observed chemical shift perturbations for individual residues were fit to equation
3.2 below with in-house fitting scripts to obtain dissociation constants of the proteinpeptide interactions:
∆𝜐 = (∆𝛿𝑓 )

([𝑃0 ]+[𝐿0 ]+[𝐾𝐷 ])−√([𝑃0 ]+[𝐿0 ]+[𝐾𝐷 ])2 −4[𝑃0 ][𝐿0 ]
2[𝑃0 ]
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(3.2)

In this equation, P0 represents the total Pin1 concentration, L0 is the total peptide
concentration, ∆𝛿𝑓 is the difference in chemical shift between the free and bound state,
and KD is the dissociation constant.21 Errors in the fitting parameters were obtained by
taking the standard deviations of the parameters from individual fits of binding curves for
six well-resolved residues in the WW domain (K13, R14, G20, R21, S32 and E35).
3.2.3

Relaxation experiments
All NMR relaxation experiments (15N R1,

15

N R2 and 1H-15N NOE) were

performed at 25 °C on a Bruker AVNCE III 600 MHz spectrometer. NMR samples with
Pin1-substrates were prepared with 95% saturation. The apo- Pin1 relaxation data was
collected with 350 μM protein in the gel filtration buffer described above. 2D HSQC and
pseudo-3D HSQC relaxation experiments were used to collect 15N 𝑅1 and 15N 𝑅1𝜌 decays
at 7 and 6 time points respectively (the 𝑅1 delays used were 100, 300, 500, 700, 800, 900,
1000 ms; the 𝑅1𝜌 delays were 5, 35, 65, 85, 95, 105 ms). The 𝑅1𝜌 spin lock power was 2
kHz, and temperature compensation was used for both the 𝑅1 and 𝑅1𝜌 experiments.163
15

N 𝑅1 and 𝑅1𝜌 relaxation rates were calculated by fitting peak intensities as a function of

relaxation decay time, and 𝑅2 was calculated from 𝑅1 and 𝑅1𝜌 .164 The 1H-15N
heteronuclear NOE was measured as the ratios of the peak intensities with and without
proton saturation.165 Data for an average of 145 residues was collected out of the total
163 residues for Pin1FL. The residues used to calculate overall correlation times are listed
in the Table 3.2. The program Tensor 2.0166 was used to calculate isotropic correlation
times.
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1

3.2.4

H-1H EXSY experiments

The expression and purification process of Pin1 and isolated PPIase described
above, and the samples were exchanged into NMR EXSY buffer (30 mM imidazole-d4
(Cambridge Isotope Laboratories, Tewksbury, MA), 30 mM NaCl, 0.03% NaN3, 1 mM
TCEP, 100% D2O and pH 6.6). The peptide stock was prepared by dissolving the peptide
powder in D2O to a final concentration 25 mM. Peptide samples of the free ligands for
NMR assignment were prepared by diluting stocks into the same NMR EXSY buffer as
Pin1/PPIase, to a final concentration 1 mM. The peptide (H1.4, H1.41, H1.42, and H1.43)
were assigned at 600 MHz using 1H-1H ROESY167 and 1H-1H TOCSY.168
EXSY samples contained 10 µM freshly prepared protein (Pin1FL or Pin1PPI) in
the presence of 1 mM peptide substrate. The two dimensional (2D) 1H-1H exchange
spectroscopy (EXSY)95 spectra were recorded using a Bruker standard NOESY-based
pulse scheme, along with a zero-quantum filter to remove artifacts.107 The spectra were
recorded at 25 °C with exchange mixing times (tmix) of 12.5, 20, 30, 40, 60, 80, 100, 150,
200 and 300ms. EXSY spectra of 1 mM peptide alone yielded no exchange cross peaks,
indicating very slow uncatalyzed cis-trans isomerization. To estimate the exchange rate
constant, kEXSY, the ratio of exchange cross-peaks to the diagonal peak corresponding to
Pro-Hᵟ protons was fit as a function of mixing time using the equation below (Eq. 3.3).
𝐼𝑐𝑡
𝐼𝑡𝑡

{1−exp(−𝑘𝑐𝑡 +𝑘𝑡𝑐 )𝑡𝑚𝑖𝑥 }𝑘𝑡𝑐

= {𝑘

(3.3)

𝑐𝑡+𝑘𝑡𝑐 exp(𝑘𝑐𝑡 +𝑘𝑡𝑐 )𝑡𝑚𝑖𝑥 )}

In the equation above, Ict is the intensity of exchange cross-peak and Itt is the
diagonal cross-peak of the major trans species. Where kct and ktc are two adjustable
parameters in fitting and the net exchange rate, kEXSY = kct + ktc. Uncertainties in the rate
constants were estimated by measuring kex for independently prepared samples.
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3.2.5

RDC measurments
Pf1 phage was purchased from ASLA Biotech, Ltd. NMR samples contained 200

µM Pin1, 50 mM NaCl, 30 mM HEPES, 1 mM TCEP, 0.03% NaN3 and 10% D2O at pH
7.5. Anisotropic aligning conditions were obtained by adding 12.5 mg/ml phage in to
NMR samples. All NMR experiments were carried out in thin wall Shigemi NMR tubes
(Shigemi, Inc.) on Bruker 600 MHz spectrometer. Quadrupole splitting of the solvent 2H
resonance was measured after appropriate equilibration of the NMR samples in the
magnet was reached. 1H-15N dipolar coupling was measured from IPAP
experiments

190

15

N-1H HSQC

. No 2H line broadening or changes in the splitting with increasing NMR

time were observed. The 15N-1H RDC values were obtained using NMRPipe/NMRDraw
and analyzed with the program DC.191 Similar for the evolution of relaxation data, the
dipolar couplings were measured with 95% saturated samples with the peptide. The Xray structures of Pin1 bound to the CTD peptide (PDB entry 1F8A)157 was used for all
models.
3.2.6

Molecular modeling
The simulated annealing method was used to explore the conformation of the

different chimera peptides. The starting structure for the human Pin1 enzyme was taken
from the Protein Data Bank (PDB) entry 1F8A;157 the peptide in the WW-domain was
modified to match the sequences of our peptides. Missing residues of the ligand and the
protein (residues 39-50 which form the inter domain linker) were added. All histidine
orientations and protonation states of titrable residues at pH 7.5 were calculated by the
H++ server.192-193
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All simulations were carried out using the AMBER18 software with the
AMBER99SB forcefield.194 The phosphotheorine was modeled as a doubly deprotonated
moiety with the atomic charges taken from Homeyer et al.195 Each complex was solvated
in a octahedral box with TIP3P waters,196 with at least 10 Å between the solute and
nearest side of the box. Sodium and chloride ions were added to neautralize the system
and yield a 50mM salt concentration. The entire system was first energy minimized with
restraints of 5, 2, 0.1, 0.05 kcal mol-1. After the minimization with restraints, the
conformation was further energy minimized without restraints to give starting optimized
structure for simulated annealing. Next, the system was heated from 10 K to 300 K with
heavy atoms restrained for 100 ps. The system was then equilibrated without restraints at
300 K for 900 ps. The equilibration was done under NPT ensemble with a constant
pressure of 1 bar (maintained by isotropic position scaling with a 2-ps relaxation time.
The SHAKE algorithm 197 was used to constrain all bonds involving hydrogens, allowing
a 2-fs timestep. Electrostatic interactions were treated by the particle mesh Ewald sum
method,198 with a 10 Å cutoff for non-bonded interactions. After each equilibration, the
equilibrated structure was subjected to the simulated annealing protocol. The systems
were cooled down from 300 K to 0 K in 900 ps. The time step was set to 2 fs. The
simulated annealing process involves slowly cooling the system down from 300 K to 200
K, 200 K to 100 K and then 100K to 0 K to obtain the final optimized structure.
To monitor inter-domain flexibility, we estimate the solvent accessible surface
area (SASA) of residues 86-102, which includes the α1 helix in the cavity of Pin1. To
monitor burial, the differences between SASA of the free and complexed states were
calculated using the program Naccess.199
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3.3
3.3.1

Results
N-terminal residues in substrates display different affinities when binding
to Pin1 domains
Chimeric peptides were designed to modulate binding across the inter-domain

interface in Pin1. The peptide series was designed based on the binding site of Pin1 and
the optimal peptide sequences analyzed in earlier studies. Specifically, we started from a
sequence derived from the human Histone H1.4 sequence (KATGAApTPKKSAKW).
The WW domains of Pin1-peptide complexes showed similar CSP responses, and
almost all residues are affected, indicating that the peptide binding is associated with the
conformational changes in the WW domain. In all the complexes, the greatest effect for
the WW domain residues is observed at the beginning of first β-strand (Glu12 & Lys13)
and residues at the end of the third β-strand (Ser32, Gln33, Trp34, and Glu35). Mainly,
the Tyr23-Trp34 aromatic pair of the WW domain has a significant chemical shift
changes and these residues are critical for the stability of the WW domain also shows
some chemical shift perturbations. The chemical shift changes pattern in WW domain is
similar for all chimera sequences, which indicates a unique binding scheme for the WW
domain to its multiple substrates. This supports Wintjens’ hypothesis on the unique
binding scheme for the Pin1 WW domain to its multiple substrates.170 The chimera
induced CSPs for WW domain region, where the CPS has a similar magnitude and
direction as Pin1-FFpSPR (Fig 3.3).
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Figure 3.2

Interaction between the Pin1WW domain and H 1.42 peptide

Overlays of 15N-1H HSQC spectra of 15N labeled Pin1WW domain titrated with H1.42.
Peptide concentrations were 0 (red), 30, 87, 196, 297, 479, and 638 (gray) µM and 100
µM WW domain. (B) Selected chemical shift changes of each residue between the free
(red) and bound states (gray) four residues Q33, K13, R14 and G20. (C) Composite
chemical shift changes as a function of peptide concentration. The data were fit to yield
the dissociation constant KD=176±3µM (average ± standard deviation).
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As seen in Fig 3.3, the CSP for Pin1 observed is for the binding all peptide
sequences. According to previous findings, Full-length Pin1 should yield a higher
apparent affinity for different substrates than the separated domains due to the
stabilization of the WW domain interacting with the PPIase domain. However, as seen in
Fig 3.3, perturbations in Pin1FL upon binding each of the chimeric peptide vary
significantly. The strong CSPs in the WW domain are affected by the peptide binding to
the small β3-sheet, the conformational changes of this β-sheet, and the direct or indirect
contact with the PPIase domain. The effects on the WW domain more are difficult to
interpret than the clear CSPs observed in the catalytic domain. For H1.4, H1.41, and
H1.43, the only CSPs in the PPIase domain was in the α4/β6 region (F139, A140, L141,
R142, and S147) localized to the inter-domain interface residues. H1.42 does not show
any CSPs in the PPIase domain at all.
To understand the how the change in sequence altered the inter-domain interactions, we
examined their backbone

15

N-1H CSPs. The CSPs for the isolated PPIase domain

represent the elimination of the inter-domain contact. The most significant CSP section
was the changes at the α4/β6 region, where the residues were localized to the domain
interface residues in the 1PIN crystal structure.2 Therefore, we considered the α4/β6 CSP
changes as an indicator of the reduced or increased inter-domain contact and used to
interpret the CSP changes in other Pin1+ peptide constructs.
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Figure 3.3

A 1H-15N chemical shift differences between Pin1FL (black) and Pin1WW
(red)

(A) The CSPs of apo Pin1 caused by WW domain deletion, (B) complexed to FFpSPR,
(C) complexed to H1.4, (D) complexed to H1.41 (E) complexed to H1.42 and, (F)
complexed to H1.43.
Among the chimera peptides, H1.41 and H1.43 repeated the α4/β6 CSP changes
verifying increased inter-domain contact relative to wild-type Pin1. Adding H1.4 and
H1.42 to Pin1 failed to reproduce the CSP in the inter-domain interface. Thus, H1.4 and
H1.42 retained their apo levels of inter-domain contacts x ≈ 0.6.
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3.3.2

Different chimera sequences exhibit different inter-domain interactions
when binding to Pin1 domains
Earlier,

15

N 𝑅1 and 𝑅1 measurements were used to demonstrate that the two

flexibly linked domains of Pin1 can behave as two independently-tumbling domains.3,9,171
We also showed in Chapter 2 that this analysis can be applied to study Pin1-histone
H1complexes. A similar concept was developed to understand the dynamics of
calmodulin, which also contains two flexibly connected domains.172
To ensure saturated Pin1/peptide complexes were at 90%-95% saturation, we
used the previously estimated 𝐾𝐷 values for these interactions. In our study, we estimated
the overall correlation time ( τ𝑐 ) of the WW and PPIase domains in their free and peptide
bound states using the 𝑅2⁄𝑅 ratio (Table 3.2) to monitor the inter-domain flexibility.
1

Rotational correlation times were calculated using the program Tensor 2.0 (ignoring both
internal and anisotropic motions). The residues that displayed a considerably different
𝑅2
⁄𝑅 ratio than the average values in the secondary structure element and residues with
1

considerable internal motions were omitted from the calculations. The rotational
correlation time is higher for Pin1 PPIase domain than for WW, reflecting its larger
molecular size (Table 3.2). Estimated correlation times were further analyzed and used to
calculate the inter-domain interaction parameter (x) with a similar approach used in a
previous analysis.9
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KATEFQpTPKKSAKW

KFYEFQpTPKW

H1.42

H1.43

See text for details.

FYEFQpTPKKSAKW

H1.41

a

KATGAApTPKKSAKW

H1.4

21±2

124±18

65 ±3

180 ±40

0.5±0.1

176±3

67±5

111±5

5.9±0.2

5.7±0.1

5.9±0.2

5.5±0.1

5.8±0.2

5.9±0.1

6.0±0.1

5.6±0.1

PPIase

Pin1FL

Pin1FL

WW

𝑘𝐸𝑋𝑆𝑌 (s-1)

𝐾𝐷 (µM)

Physical parameters for Pin1-peptide complexes

Name Sequence

Table 3.1

0.83

0.66

0.94

0.60

Interdomain
Association
Parameter (x)a

Figure 3.4

15

N relaxation data at 600 MHz.

The 15N relaxation data measured with the Bruker HSQC-based pseudo 3D pulse
schemes, at 600 MHz 1H frequency, 25 ºC, for a 350 µM sample of uniformly 15Nlabelled Pin1 at pH 7.5 for Apo Pin1 (blue), Pin1+H1.4 (brown), Pin1+H1.41 (black),
Pin1+H1.42 (red) and Pin1+H1.43 (green). (A), backbone 15N longitudinal relaxation
rates (R1) and (B) 15N transverse relaxation rates (R2).
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Figure 3.5

The R2/R1 data

The averaged R2/R1 values (solid lines) used to calculate overall correlation times (τc),
extracted from residues in secondary structure elements in Apo pin1 (blue), Pin1+H1.4
(pink), Pin1+H1.41 (black), H1.42 (red) and, H1.43 (green).
In this case, 𝑅1 and 𝑅1

15

N relaxation rates are only a function of the overall

correlation time 𝜏𝑐 . According to Stokes-Einstein-Debye law, 𝜏𝑐 is correlated with the
radius of the spheres (domains) and hence, it is proportional to the mass of the domain.
The model describes two limiting cases where the two domains tumble independently and
the domains stick together as rigid sphere. Any differences from these extremes could
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explain by the inter-domain interaction parameter (x). Previous studies showed that the
full length Pin1 has a higher 𝜏𝑐 value for Pin1 WW and PPIase domain than the isolated
domains resulting in x = 0.47.9 The reasons could be the interaction of the linker with the
two domains or the independent tumbling of the two Pin1 domains to a substantial
amount. The inter-domain interaction value for the Pin1+Cdc25C construct was 0.43, and
this peptide clearly could not result any additional flexibility or disruption of the
interaction between two domains. On the other hand, CTD (x = 0.68) and Pintide (x =
0.79) peptides were significantly restricted the flexibility of two domains.
Comparing the correlation times of apo Pin1 with those of the H1 bound states,
the 𝜏𝑐 value of apo Pin1 (x=0.57) is similar to the Pin1+H1.4 complex, resulting a
similar inter-domain interaction parameter of 0.6. The Pin1+H1.42 construct shows a
slightly higher x value (0.66), suggesting that H1.42 is somewhat restricts the flexibility
of the two domains. However, Pin1 CSPs (Fig. 3.3) for residues at the α4/β6 region (eg:
F139, A140, L141, R142 & S147) in the inter-domain interface, were unaffected upon
the addition of H1.42. Hence, we hypothesized that this small difference could be due to
the noise in the 𝑅1 and R2 measurements (Fig. 3.4). Comparing the correlation times of
apo-Pin1 with those of the H1.41 and H1.43 bound states, the 𝜏𝑐 value of apo Pin1 is
smaller than the Pin1 +H1.41 and H1.43 complexes, resulting in a higher inter-domain
interaction parameter of 0.94 and 0.83 respectively. Similarly, residues at the α4/β6
region in the inter-domain interface were significantly altered upon the addition of these
two peptides. However, the correlation times for H1.41 and H1.43 are, 𝜏𝑐 WW = 10.4± 0.1,
𝜏𝑐 PPIase = 11.88±0.05 and, 𝜏𝑐 WW = 10.42±0.01, 𝜏𝑐 PPIase = 10.94±0.05. As described in a
previous analysis, while these values do not suggest dimerization, they are fairly high for
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the size of Pin1 protein (Mr=18 kDa).10,174 This effect also been noted in a previous NMR
study of Pin1 and obtained somewhat high isotropic correlation time for each domain
resulting in, 𝜏𝑐 WW = 10.7 ± 0.1 ns/rad and 𝜏𝑐 PPIase = 15.4 ± 0.2 ns/rad.10 Since the high 𝜏𝑐
values may reveal residual protein aggregation, we repeated 𝑅1 and 𝑅1 measurements of
Pin1+H1.1 sample with a three-fold lower Pin1 concentration (0.1 mM) in our previous
study. Similarly, as described in Namanja et al., the effect for the 𝜏𝑐 values were small
and we selected for measurements on the more concentrated sample to optimize the
signal to noise ratio.10. Reduced

15

N 𝑅1 relaxation parameters indicate that the fast

backbone dynamics is in ps-ns timescales. Furthermore, increased 15N 𝑅2 relaxation rates
could indicate the presence of slower conformational exchange in µs timescale.200 Fig.
3.5 shows that interaction with H1.4 and H1.42 tumbles fairly similarly to the apo-Pin1
𝑅1 and 𝑅2 values. Both H1.41 and H1.43 exhibited increased 15N 𝑅2 and reduced 15N 𝑅1
relaxation parameters.
Furthermore, the recognition of Cdc25C peptide like substrates decreases the
overall correlation time relative to apo-Pin1 resulting in lower x values than apo-Pin1.7,910

Thus, different substrate recognition could be retained similar, reduce or increase

relative mobility of the two domains in the apo state. Therefore, the binding of chimera
peptides may not change the flexibility of the two domains (ex: H1.4 and H1.42) or may
even increase (ex: H1.41 and H1.43) the contacts between two domains.
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Table 3.2

Construct
Apo Pin1

Pin1+ H1.4

Pin1+H1.41

Pin1+H1.42

Pin1+H1.43

a

Inter-domain interaction parameters of Pin1 bound to histone H1.
Selected
residues
from WW
11,12,14,24,
25,26,31,32,
33,34

11-14,
20,2427,29,3133,35
1113,20,23,2529,31-33,35
1113,20,23,2529,31-33,35

1113,20,23,2529,31-33,35

Selected residues from
PPIase domain
60,64-67,74,77,78,90,91,93,
94,98, 101,104,105,108,112
,113,115,116,120-122,125,
126,129,131,134-136,141,
142,144-148,150,151,
157,163
60,61,63-66,78,8184,8688,90,91,93-98,101,105,
108,111-113,115,116,
121-126,128,129,131,134136,138,139,141,142,157160,163
60,63-65,78,81,82,84,87,
90,91,94,98,105,108,110,11
6,119,121,126,128,129,131,
134-136,138,142,144,145,
150,158-163
60,61,63-66,78,8184,8688,90,91,93-98,101,105,
108,111-113,115,116,121126, 128,129,131,134-136,
138,139,141,142,157160,163
60,64-67,74,77,78,90,91,
93,94,98,101,104,105,108,
112,113,115,116,120-122,
125,126,129,131,134-136,
141,142,144-148,150,151,
157,163

x: Inter-domain interaction parameter
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τc (ns)
Xa
WW

PPI

7.79±0.02

10.57±0.01

0.57

7.98±0.02

10.68±0.02

0.60

10.39±0.10

11.88±0.05

0.94

8.40±0.05

10.90±0.04

0.66

10.42±0.01

10.94±0.05

0.83

3.3.3

Dipolar couplings support the conclusions about Histone chimera peptides
and inter-domain orientation
The measurement of RDCs is a method to identify medium- to large-scale inter-

domain motions and relative domain orientations.136,201-202 The relative inter-domain
orientations are normally acquired by comparing the alignment tensor orientations of the
independent domains to one obtained for the whole protein fit as a whole. Backbone 1DNH

heteronuclear RDCs of apo-Pin1 and Pin1+H1.43 were measured using Pf1 as an

alignment media. Our fit of the experimental RDCs to the isolated domains agree well
with the crystallographic data (Table 3.3). With respect to PPIase domain, our data fit
better to the crystal structure of the PDB entry 1F8A than to the crystal structure of PDB
entry 1PIN.9
In the case of apo-Pin1 aligned in phage solution, the distribution of experimental
RDCs is much broader for PPIase domain than WW domain, indicating higher degree of
alignment for PPIase domain than for WW domain. As seen in Table 3.3, the axial
component (𝐷𝑎𝑁𝐻 ) is positive for the PPIase domain (10.939 Hz) and negative for the
WW domain (-4.273 Hz). In the case of apo-Pin1, the significant difference of the
alignment tensors of the two domains can be interpreted in terms of inter-domain
mobility.9,201-202 As the PPIase domain is the largest domain and accounts for 76% of the
mass and 71% of the surface area of Pin1FL, alignment could solely arises from steric
factors.122 Hence, it is likely that the orientation is dominated by the interaction between
the catalytic domain and co-solvent. Therefore, the significantly reduced alignment tensor
of Pin1WW may reflect uncorrelated rotation of the WW domain with respect to fixed
PPIase domain.9
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Figure 3.6

Correlation between predicted and observed RDCs. Plots shows RDC
correlations to entire 1F8A crystal structure for separate domains.

A partially dissimilar representation is found in the case of H1.43 bound to Pin1.
For the PPIase domain the axial component is not changed significantly (𝐷𝑎𝑁𝐻 =
−11.907 𝐻𝑧). In contrast, as seen in Table 3.3, the alignment tensor for H1.43 bound
Pin1WW is much larger than for the free Pin1WW domain (𝐷𝑎𝑁𝐻 = −11.035 𝐻𝑧). As a
result, the mobility of the WW domain is reduced significantly with respect to the
catalytic domain upon H1.43 binding.
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15

Pin1 +H1.43

0.252

0.131
-11.035

-4.273

N: number of selected residues
QNH: Q factor
Da: the axial component of the tensor
Rhom.: Rhombicity

11

N

𝑁𝐻

WW Domain
𝐷𝑎 (Hz)
𝑄

RDC structural fits

No peptide bound

Table 3.3

0.172

0.461

Rhom.
55

57

N
0.315

0.224
-11.907

10.939

PPIase Domain
𝐷𝑎 (Hz)
𝑄 𝑁𝐻
0.509

0.539

Rhom.
81

75

N
0.409

0.547

-11.475

9.268

0.258

0.504

Both Domains
𝐷𝑎 (Hz) Rhom.
𝑄
𝑁𝐻

3.3.4

Molecular modeling suggests a structural basis for how substrate binding
can alter the domain interactions
Starting from the Pin1-CTD complex (1F8A), the CTD peptide was modified to

match the sequences of our peptides. The phosphor-serine that precedes the proline was
also mutated to phosphor-threonine. To monitor the nature and the magnitude of this
structural change of the Pin1-peptide complexes, simulated annealing calculations were
conducted using the AMBER 18 software.
Residues 45-163 in the PPIase domain form the opposing wall of the inter-domain
cavity and scaffolding α1 helix contributes around 9 residues to this wall. In the Pin1
crystal structure, the inter-domain cavity comprises a 23Å internal surface opposite the
WW domain’s hydrophobic pocket and 22Å wide opening to the cavity.2 To monitor the
inter-domain interaction parameter, we measured the extent of the flexibility changes
upon ligand binding. According to the modeled structures, we estimated the width of this
cavity by measuring the distance between Glu87 Cα and Arg21 Cα of their free and
complexed states (Fig. 3.7). The inter-domain interaction parameter values range from 0
(fully independent domains) to 1 (both domains tumbling as a single unit).9 Upon binding
of the peptides, the distance between the two domains decrease, suggesting that the two
domains are coming closer to form a closed structure, while the binding pocket decreases
in size to accommodate the ligand binding. The inter-domain interaction parameter with
the highest value indicates an increase restriction in the flexibility of the two domains
when ligand binds. However, it is important to mention that the complex does not
necessarily move as a single unit as there can be residual flexibility.
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A summary of the estimated distances are given in Table 3.4, and these distances
are in agreement with the experimental data, H1.41 and H1.43 mediates lower distances
between the two domains as evidenced by the larger x values of 0.94 and 0.83. Also,
based on the annealed structures, H1.41 and H1.43 show a closer interaction with α-helix
at the PPIase domain suggesting that there are some interactions at both domains. Also,
the perturbations resulting from the ligand binding at the WW domain propagated to the
PPIase domain. Thus, these two peptides significantly restrict the flexibility of the two
domains. On the other hand, H1.4 and H1.42 do not form the close intimate contact,
which further explains why the inter-domain interaction is lower.
As a second parameter to monitor inter-domain flexibility, we estimated the
solvent accessible surface area (SASA) for the residues 86-102 that compose the α1 helix
in the cavity of Pin1 in their free and complexed states (Table 3.4). Moreover, we can
measure the intrinsic flexibility of the interface residues by their buried and accessible
surface area.203 Pin1-peptide complexes elevated inter-domain interactions should
possess reduced SASA in the helix. As seen in Fig 3.3, residues in the PPIase domain
show CSPs in the H1.41 and H1.43 complexes with respect to the apo Pin1. This agrees
with both the distances and SASA values presented as the change in the chemical
environment due to the ligand interactions with the α-helix of the PPIase domain. On the
other hand, the H1.4 and H1.42 exhibit higher SASA values indicating the two domains
are not in close contact with each other and the alpha helix is not in contact with the
ligands.
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Figure 3.7

Ribbon representation of the Pin1 inter-domain cavity of apo Pin1 and
bound states with H1.4, H1.41, H1.42 and H1.43.

The WW domain is brown and the PPIase domain is light blue. The sticks represent the
peptide and atoms are colored for clarity (oxygen is red, nitrogen is blue). Distance
values represent the distance between Glu87 Cα and Arg21 Cα.

This loss of solvent accessibility suggests that the flexibility is also lost in the α1
helix, which is consistent with the view of the substrates forming more intimate contacts
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between the ligands and the two domains. These contacts may increase the steric
interactions between the hydrophobic surface of the WW domain and the PPPIsase
domain, hence reducing the overall flexibility of these residues which is consistent with
the solvent accessible data. In conclusion, in agreement with the inter-domain
interactions, SASA is reduced in the order H1.4 > H1.42 > H1.43 > H1.41.
Table 3.4

Distance and SASA data
Peptide
name

Inter-domain
contact (x)

Distance
(Å)

SASA data
( Å2)

Apo-Pin1

0.57

24.0

1157

H1.4

0.6

23.0

1104

H1.41

0.94

18.1

861

H1.42

0.66

22.5

990

H1.43

0.83

17.4

875

SASA: Solvent accessible surface area
3.3.5

No allosteric activation is observed for Histone H1 chimeras
2D 1H-1H exchange spectroscopy (EXSY)95 was applied to probe the effects of

the peptide binding to the WW domain to the catalytic activity of Pin1. An original sign
of Pin1 allostery came from NMR titrations of Pin1 with cis and trans locked inhibitors
designed by Etzkon and co-workers.175-176 The sign of the allostery was that cis-locked
inhibitor displayed a higher binding affinity for the isolated PPIase domain, compared to
the full length Pin1. Since this cis-locked inhibitor was only bound to the PPIase domain,
the WW domain binding to one side of the PPIase domain could change the binding
properties of the distal catalytic site on the opposite side of the PPIase domain.8,176
Another indication of allostery originated from 2-D NMR 1H-1H exchange spectroscopy
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(EXSY).95 The exchange rate constant, 𝑘𝐸𝑋𝑆𝑌 derived from the fitting of the 1H cis-trans
exchange cross peaks.4,8. A similar approach used here for each Pin1/PPIase-peptide
constructs to determine the 𝑘𝐸𝑋𝑆𝑌 for cis-trans isomerization of the Pro-1Hᵟ protons of
chimera peptides. The 𝑘𝐸𝑋𝑆𝑌 values are summarized in Table 3.1. The EXSY spectra
created cross-peaks corresponding to Pro-Hᵟ protons exchanging between cis verses trans
chemical shifts in the presence of catalytic amounts of Pin1. Interestingly, while the
chimera sites bind to Pin1WW with vastly different binding affinities, the peptides display
similar catalytic rates. In addition, the rate constants for the Pin1FL and the isolated
PPIase domain are relatively similar. This behavior is similar to the Pin1-Tau catalytic
activity measured in a recent study148 and also Pin1-histone H1 catalytic activity
measured in our previous study. Pin1-Tau study observed a similar catalytic rate at
pSer235 measured for both PPIase and full length Pin1. Similarly, our data does not
demonstrate the suggested role of the WW domain as an allosteric effector molecule
binding distal of the PPIase catalytic site with following reduced catalytic activity. As a
control for our experiments, we measured the catalytic activity for Pin1 and FFpSSPR
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with an enzyme: substrate ratio 1:200 (1mM peptide with 5µM Pin1/PPIase). However,
the extracted exchange rates were 𝑘𝐸𝑋𝑆𝑌 = 29.6 s-1 and 31.2 s-1 for the Pin1FL and the
isolated PPIase domain, respectively which indicates similar but slightly higher 𝑘𝐸𝑋𝑆𝑌 for
the isolated PPIase domain compared to Pin1FL. The 𝑘𝐸𝑋𝑆𝑌 values reported in this study
for FFpSPR peptide are smaller than the 𝑘𝐸𝑋𝑆𝑌 values reported by Peng et al.6 The
differences are due to the lower enzyme: substrate ratio used in our study, which alters
the total number of enzymes as well as the concentration of substrates and thus affect
catalysis.
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Figure 3.8

The 2D 1H-1H EXSY cis-trans exchange cross peaks of the substrate H1.42
in the presence of Pin1PPI

(A) 2-D 1H-1H EXSY cis-trans exchange cross peaks of the substrate H1.42 at 1mM, 297
K, 600 MHz, in the presence of 10µM Pin1PPI for a 300 ms mixing time. (B) 1H-1H
EXSY build-up curve of Pro-Hᵟ protons of 1mM H1.42 peptide in the presence of 10 µM
Pin1. The vertical axis represents the ratio of the intensity of cis to trans exchange cross
peak (Ict) over that of the trans diagonal peak (Itt). Filled squares are the data points and
the red line is the fitting curve.
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3.4

Discussion
Despite many years of intense study, the detailed contribution of Pin1 domains to

target recognition remains elusive and challenge our understanding of Pin1-peptide
interactions. The role of WW domain binding has been investigated extensively by X-ray
crystallography, NMR studies, and other methods.2,146,157,170,204 The crystal structure of
Pin1 bound to doubly phosphorylated CTD (YpSPTpSPS) does not show the clear
contribution of PPIase domain to the binding interface. Verdecia et al. suggested that
complexes with longer peptides and Pin1 will be required to describe the contribution of
each domain to target recognition.
Pin1FL and the two domain fragments have been studied in the presence of
different peptides. These peptides include the Pintide (WFYpSPR), which is the optimal
sequence originally designed from a peptide library,66 the CTD (YpSPTpSPS), which
occurs as a heptad repeat in the C-terminal domain of RNA polymerase II, the Cdc25
(EQPLpTPVTDL), which is a model peptide from the essential mitotic phophotase
Cdc25,54 and the FFpSPR, an artificial variant derived from Pintide (WFYpSPR).5 This is
the first analysis to show how longer peptide sequences influence the contribution of each
domain to target recognition. In this study, we used the power of NMR and molecular
modeling to recognize specific influence the substrate has on the binding and interdomain mobility of the two domains of Pin1.
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Figure 3.9

Ribbon diagrams to show NH CSPs of the four ligands

The color intensity scales with the magnitude of CSPs. Red: highest CSPs; blue: lowest
CSPs; white: unassigned residues.

To further define the sequence specificity of Pin1, we used H1.4 peptide sequence
to make a series of peptides containing fixed pT-P sequences with different N-terminal
sequences (Fig 3.1) The peptide sequences were selected based on the residues in the
hydrophobic cavity of the Pin1 2 and identified as the best substrate sequences thus far for
Pin1.66 The 3D NMR complex model presented in a previous study suggested that the
phosphorylated substrate principally binds with the WW domain by a charge-charge
interaction and a proline-aromatic stacking.170 By considering these interpretations, for
H1.41 peptide, the aromatic amino acid Phe was selected at the -2 position since the
optimal peptide for Pin1 WFYpSPR also contained an aromatic residue at this position.
The basic cluster of Pin1 protein consisting of Lys63, Arg68 and Arg69 in the active site
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possesses a strong preference for the acidic side chains in the residue N-terminal to
proline in the substrate acidic amino acids. Acidic amino acids were selected at the -3
position. Verdecia et al, suggested that the extended contact surface of the WW domain
can recognize a maximum of five consecutive polypeptide residues. Another binding
specificity study of Pin1 considered the -3 to +3 region, i.e. the six residues surrounding
the phosphorylated site of the substrates.66 To investigate the effect of the substrate
sequence change at the distant places, -4 and -5 positions were replaced with Phe and Tyr
aromatic residues in the H1.41 sequence. We believe that these two aromatic residues will
be buried against Phe151 in α1-helix to the maximal association (Fig 3.1). Residues in
the C-terminal to proline are similar to H1.4 sequence except for the shorter H1.43
sequence.
Noticeably, the effect of the different peptide sequence to apo Pin1 can be clearly
seen in the Fig. 3.9. At the beginning, we designed chimeric peptides to optimize the
binding across the interface; we mainly focused on the N-terminal residues of the
peptides. In our hypothesis, changing the N-terminal residues in the substrate would
increase the binding affinities and inter-domain interactions. However, molecular
modeling clearly shows that the different binding affinities and inter-domain interactions
are dependent on both the C-terminal and the N-terminal residues depending on the
orientation and the length of the peptide across the inter-domain cavity of the Pin1.
We then analyzed the protein/peptide interfaces in terms of chemical properties
by investigating how hydrogen bonding plays a key role in the specificity of the
interaction between the two proteins or the protein-peptide. The number of hydrogen
bonds per interface was estimated for the different complexes. The main observation is
102

α1-helix from the PPIase domain is involved in H-bond formation with the peptide. All
the peptides were showing showed similar H-bond patterns with the residues in the WW
domain. These interactions were similar to the bonds in the Pin1-CTD interface and were
limited to the two regions on the WW domain surface. A phosphate binding pocket,
including Ser16, Arg17 and the backbone amide of Arg17, is making hydrogen bonds
with the phosphate moiety. Second, Tyr23-Trp34 aromatic pair forms a molecular clamp
that constraints the proline. Our results illustrate a very important point: Pin1 complexes
with longer peptide sequences describe the contribution of the PPIase domain to target
the recognition while it is bound to the WW domain. The clamping residues in the
peptides form hydrogen bonds with the residues in the α1-helix from the PPIase domain.
When we compare H1.4 and H1.42 with other peptide sequences, the two peptides
clearly show a lower number of H-bonds with the α1-helix, analogous to the relatively
similar binding affinities and inter-domain interactions. The clamping residue Lys13 of
the H1.4 showed a special hydrogen bond with the residue Glu100 when compared with
other sequences. Comparatively, the different 𝐾𝐷 values for H1.41 and H1.42 suggest the
residues at -4 and -5 positions influence the binding affinities. The highest inter-domain
interaction parameter 0.94 is obtained for the H1.41 peptide. A reason for this could be
the strong interaction between the peptide at several positions in the α1-helix. According
to our hypothesis, we believed that H1.43 sequence would have the maximal association
and it was supported by our data when H1.43 had maximum binding strength. The main
difference between H1.43 and H1.41 is the number of residues in the C-terminal domain.
This modification increased the affinity toward H1.43 (𝐾𝐷 =21 µM) with a three-fold
higher affinity with respect to H1.41 (𝐾𝐷 =65 µM). Notably, full length Pin1 yielded
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similar apparent affinity as WW domain for the H1.41. This behavior is completely
different than H1.42, and for both of these constructs the PPIase domain does not
measurably increase the substrate binding affinity of the WW domain.

Figure 3.10

The Pin1-peptide binding interfaces

(A) Ribbon diagram of the Pin1 binding interface bound to H1.4, H1.41, H1.42 and H1.43.
The carbon atoms in the peptide are colored in yellow to distinguish them from the Pin1
sidechain atoms. Hydrogen bonds between peptide and Pin1 are shown as dashed black
lines. (B) The sequence of the peptides and pink boxes highlight residues contributing to
the hydrogen bonding with α1 helix of the Pin1.
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The measured exchange rate constants are not typical of the other Pin1-substrate
complexes with the relatively higher isomerase activities (𝐾𝐸𝑋𝑆𝑌 values 15-70 s-1) such as
pCdc25C, FFpSPR, and amyloid precursor protein derived phosphopeptide (pAPP659682). As discussed in an earlier study, 1H-1H EXSY spectra were sensitive to the relative
Pin1/PPIase concentrations.103 Raising the relative Pin1/PPIase concertation gave an
increased exchange line broadening for the cross-peaks in our NMR spectra. Thus, we
used relatively low Pin1/PPIase concentrations (10 µM) for our exchange experiments.
For this reason, we observed lower catalytic rates compared to the previous studies. This
analysis could not clarify the role of the WW domain as an allosteric effector molecule
binding to the distal catalytic site. Since the FFpSPR peptide also yielded similar 𝐾𝐸𝑋𝑆𝑌
values in our experiments, we confirmed that the different Pin1FL/PPIase concentrations
influence the difference between our data the data in Namanja et al. 2011. Our findings
indicate that the Pin1 catalysis on these peptides is relatively lower than on the other Pin1
substrates such as FFpSPR and Cdc25c. Interestingly, no relationship was found between
𝐾𝐸𝑋𝑆𝑌 and either peptide affinity or inter-domain interaction, suggesting a lack of
allosteric control for this series of peptides. Thus, while our results suggest that peptide
binding can alter the interaction between the PPIase and the WW domains, altering the
inter-domain interaction by itself does not appear to modulate catalysis in the PPIase
domain.
3.5

Conclusion

In this work, using longer chimera sequences as Pin1 substrates, we found that the
additional complexes with longer peptides are necessary to completely describe the
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contribution of each domain to the target recognition. Our solution NMR data were
consistent with our MD simulation findings and completely describe the hydrogen
bonding pattern between the PPIase domain residues and the bound peptide to the WW
domain. Interestingly, peptide binding can alter the interaction between the PPIase and
the WW domains, altering the inter-domain interaction by itself does not appear to
modulate catalysis in the PPIase domain.

3.6

Summary and future work
Despite many years of intense study, the detailed relationship between Pin1

substrate recognition and enzymatic responses remains elusive, and an understanding of
the biophysical basis of Pin1-peptide interactions remains challenging. In summary, our
results indicate that the residues around the phosphorylated site affect the affinity and the
inter-domain dynamics of Pin1. Previous studies focused on the six residues (-3 to +3)
surrounding the phosphorylated site of the substrates, but, motivated by an investigation
of Histone H1 peptides, we have found that distant flanking residues (-4 and -5 positions)
can alter the affinity and inter-domain interaction as well. This realization will change
how Pin1-substrate analysis is performed in the future. Moreover, our work suggests that
the allosteric interaction of Pin1 activity is more complex than has been previously
thought, and we observe that inter-domain interaction need not be correlated with
allosteric control.
In future work, we propose that longer peptide sequences should be investigated,
potentially with more than one phosphorylated site as natural substrate sequences for
Pin1. In nature, most of the substrate sequences contain more than one nearby
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phosphorylated sequence, which can interact with Pin1. Analysis of this type of longer
sequence may give us better understanding about Pin1 domain association and allostery.
Another worthwhile experiment would be to design a series of peptides attempting to
optimize the catalytic activity rather than binding across the interface. These experiments
would reveal another dimension to structure-function relationships in Pin1. While our
work on Histone-derived peptides has revealed several novel behaviors of Pin1, there is
still much to be done to understand how allosteric effects and inter-domain dynamics
correlate in this unique protein.
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